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T h i s  r e p o r t  was prepared as an account of Government-sponsored work. 
NeS-ther t he  Uni ted  S ta tes  no r  t h e  N a t i o n a l  Aeronau t i c s  and Space 
A d m i n i s t r a t i o n  ( N A S A ) ,  n o r  any person  a c t i n g  on behalf o f  NASA: 

Makes any war ran ty  o r  r e p r e s e n t a t i o n ,  e x p r e s s e d  o r  
implied,  w i t h  r e s p e c t  t o  t h e  accu racy ,  comple teness ,  o r  
u s e f u l n e s s  of  the i n f c r m a t i o n  c o n t a i n e d  i n  t h i s  r e p o r t ,  
o r  t ha t  the use of any i n f o r m a t i o n ,  a p p a r a t u s ,  method, 
o r  p r o c e s s  d i s c l o s e d  i n  t h i s  r e p o r t  may no t  i n f r i n g e  
pr ivately-owned r i g h t s ;  o r  

A) 

B)  Assumes any l i a b i l i t i e s  w i t h  r e s p e c t  t o  the u s e  of ,  
o r  f o r  damages r e s u l t i n g  from the  u s e  of any i n f o r m a t i o n ,  
a p p a r a t u s ,  method o r  p r o c e s s  d i s c l o s e d  i n  t h i s  r e p o r t .  

A s  u sed  above, "person a c t i n g  on behalf of NASA" i n c l u d e s  any employee 
o r  c m t r a c t o r  of NASA, or employee of  such  c o n t r a c t o r ,  t o  the  e x t e n t  
t h a t  such  employee o r  c o n t r a c t o r  of NASA, o r  emplDyee of; such  con- 
t r a c t o r  prepares, d i sseminates ,  o r  p r o v i d e s  a c c e s s  to ,  any i n f o r m a t i o n  
p u r s u a n t  t o  his employment w i t h  such  c o n t r a c t o r .  

D i s semina t ion  o u t s i d e  the c o n t r a c t i n g  government agency o r  t o  
r e c i p i e n t s  o t h e r  t h a n  Government defense c o n t r a c t o r s  n o t  a u t h o r i z e d .  

Request  f o r  c o p i e s  of  t h i s  r e p o r t  shou ld  be referred t o :  

N a t i o n a l  Aeronau t i c s  and Space A d m i n i s t r a t  i on  
O f f i c e  of S c i e n t i f i c  and T e c h n i c a l  In fo rma t ion  
Washington, D. C . ,  20025 
A t t e n t i o n :  AFSS-A 
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I. INTRODUCTION 

A. OBJECTIVE 

T h i s  r e p o r t  describes the  second s t a g e  of an i n v e s t i g a t i o n  whose 
u l t i m a t e  aims are t o  deve lop  a f u e l  c e l l  o p e r a t i n g  on s t o r a b l e  
r e a c t a n t s  and t o  d e s i g n  a f u e l  c e l l  t ha t  w i l l  o p e r a t e  r e l a t i b e l y  
e f f i c i e n t l y  on a v a r i e t y  of  f u e l s  and o x i d a n t s .  

During the  f i rs t  s i x  months '  work on the f irst  phase of t h i s  
p r o j e c t ,  t he  anod ic  Dx ida t ion  of s t o r a b l e  f u e l s  and t h e  c a t h o d i c  
r e d u c t i o n  of s t o r a b l e  o x i d a n t s  were s t u d i e d .  
f rom h a l f - c e l l  expe r imen t s  were o b t a i n e d ,  p r e l i m i m r y  work on 
t h e  c o n s t r u c t i o n  and o p e r a t i o n  of complete  c e l l s  was s ta r ted .  

The f a b r i c a t i o n  of c e l l s  has p rogres sed  t o  the p o i n t  of combining 
c e r t a i n  systems such  as hydraz ine-pa l lad ium membrane-hydrogen 
p e r o x i d e  o r  hydraz ine-porous  d i f f u s i o n  e l ec t rode -oxygen .  E l e c t r o d e s  
f o r  s u c h  systems are b e i n g  s c a l e d  up t o  three i n c h e s  by three i n c h e s .  
Systems u s i n g  n i t r i c  a c i d  and d i n i b r o g e n  t e t r o x i d e  me be ing  s t u d i e d  
w i t h  smaller  e l e c t r o d e s  t o  o b t a i n  b a s i c  i n f o r m a t i o n  b e f o r e  s c a l i n g  
up t o  the larger  c e l l  s i z e .  Hydrogen and hydraz ine  are the  on ly  
r o c k e t  f u e l s  r e g a r d e d  as u s a b l e  d i r e c t l y  i n  f u e l  c e l l s .  
some s u p p o r t i n g  half-cel l  t e s t i n g  i s  s t i l l  be ing  done, emphasis 
i s  b e i n g  placed on work w i t h  complete c e l l s .  

The anodic o x i d a t i o n  of h d r a z i n e  and t h e  c a t h o d i c  r e d u c t i o n  of 
c h l o r i n e  trif l u o r i d e  (CTF 3 i n  anhydrous hydrogen f l u o r i d e  (AHF) were 
demons t r a t ed  d u r i n g  the  f i r s t  six months work on t h i s  p r o j e c t .  
C u r r e n t  d e n s i t i e s  up t o  5 ma/cm were a t t a ined  a t  s o l i d  carbon 
anodes i n  1M hydraz ine  at 0.5 v p o l a r i z a t i a n  and a t  3°C. C u r r e n t  
d e n s i t i e s  as h i g h  as 20 ma/cm2 were a t t a i n e d  d u r i n g  the  c a t h o d i c  
r e d u c t i o n  of CTF i n  AHF.  Curren t  d e n s i t i e s  up t o  100 ma/cm2 a t  
s o l i d  p l a t i n u m  anodes were a t t a i n e d  w i t h  1M hydraz ine  i n  a mol ten  
s o l u t i o n  of KF03HF a t  85"c  and a t  an anod ic  p o l a r i z a t i o n  of 0.5 v. 
Cathodic  c u r r e n t  d e n s i t i e s  o f  5 ma/cm2 were demonst ra ted  i n  the  
same e l e c t r o l y t e  a t  85"c. 

After  b a s i c  data 

Although 

The p r e s e n t  nonaqueous program is co rxe rned  with improving t h e  
above c u r r e n t - v o l t a g e  re la t ions  by the u s e  o f  f low- through porous  
electrodes.  
c o n s t r u c t i o n  t ha t  w i l l  w i t h s t a n d  t h e  c o r r o s i v e  a c t i o n  of CTF i n  AHF 
s o l u t i o n s .  

An a s s o c i a t e d  problem i s  s e l e c t i o n  of materials of 

1 
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B. SCOPE OF THIS REPORT 

T h i s  r e p o r t  d e s c r i b e s  a s y s t e m a t i c  s t u d y  of t he  s o l i d  pa l lad ium 
d i f f u s i o n  e l e c t r o d e  i n c l u d i n g  pretreatments  (heat t r e a t m e n t  and 
c a t a l y s t  d e p o s i t i o n )  tha t  are r e q u i r e d  f o r  u s i n g  the  pal ladium 
f o i l  f o r  t r a n s p o r t i n g  and a n o d i c a l l y  o x i d i z i n g  hydrogen. The u s e  
of h y d r a z i n e  as a f u e l  f o r  supply ing  hydrogen t o  t h e  pal ladium f o Z l  
anode i s  a l s o  described. 

The u s e  of  a porous Te f lon  d i f f u s i o n  e l e c t r o d e  f o r  the anod ic  
o x i d a t i o n  of hydrogen o r  hydraz ine  and a l s o  f o r  the c a t h o d i c  
r e d u c t i o n  of oxygen and hydrogen pe rox ide  i s  d e s c r i b e d .  Such 
e l e c t r o d e s  are combined f o r  i n i t i a l  c o n h t r u c t i o n  and demons t r a t ion  
of f u l l - c e l l  sys tems.  C o n s t r u c t i o n  d e t a i l s  f o r  a f u l l  c e l l  w i t h  
3 - inch  by 3 - inch  e l e c t r o d e s  a r e  d e s c r i b e d .  

P o l a r i z a t i o n  data are g i v e n  f o r  t h e  anod ic  o x i d a t i o n  of  hydrogen 
and h y d r a z i n e  a t  f low-through e l e c t r o d e s  and s o l i d  pa l l ad ium 

u & c >  f o i l s  i n  t h e  anhydrous hydrogen f l u o r i d e  system. 

2 
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11. SUMMARY 

A. AQUEOUS SYSTEMS 

F u l l  c e l l s  u s i n g  hydrogen o r  hydraz ine  as f u e l s  and oxygen o r  
hydrogen p e r o x i d e  as o x i d a n t s  were c o n s t r u c t e d .  Cathodes were 
fabricated from 3 by 3 i n c h  n i c k e l  p l aque ,  and hydrogen d i f f u s i o n  
anodes were c o n s t r u c t e d  from s o l i d  palladium membranes. S h o r t -  
term discharge c h a r a c t e r i s t i c s  a t  90°C were as f o l l o w s :  

System ma/cm2 
C e l l  

Vol tage  

H 2 - 0 2  50 0.60 

N 2 H 4 - 0 2  55 0.65 

N2H4-H202 100 0.40 

A f u l l  c e l l  w i th  a porous  Tef lon  ca thode  and oxygen o r  3C$ hydrogen 
p e r o x i d e  as the o x i d a n t  coupled wi th  a rhodium-catalyzed pa l l ad ium 
d i f f u s i o n  anode wi th  85% hydraz ine  hydrate as the  f u e l  ard 5M KOH 
as t h e  e l e c t r o l y t e  was c o n s t r u c t s d  and tes ted  a t  50°C. 
v o l t a g e  of 0.70 v o l t  a t  40 ma/cm 
i n  f u l l  c e l l  development.  

A c e l l  
r e p r e s e n t s  a promis ing  s t a r t  

S o l i d  pal ladium-hydrogen d i f f u s i o n  e l e c t r o d e s  were demonst ra ted  
f o r  t h e  u s e  of  859 hydraz ine  hydra te  as a f u e l  and 5M s u l f u r i c  
a c i d  a s  the  e l e c t r o l y t e .  P r e c i p i t a t i o n  of hydraz ine  s u l f a t e  
was p r e v e n t e d  by the  impermeab i l i t y  to hydraz ine  of t he  p a l l a d i z e d  
pal ladium f o i l .  C u r r e n t  d e n s i t i e s  of 40  ma/cm2 a t  a p o l a r i z a t i o n  of  
0.11 v o l t  were a t t a i n e d  a t  3 0 ° C ,  280 ma/crn2 at 0.14 v o l t  a t  60°c, 
and 280 m a / c m 2  a t  0.08 volt a t  90°C. 

The anod ic  o x i d a t i o n  of hydrogen produced by hydraz ine  hydra te  
c a t a l y t i c  d e c o m p j s i t i o n  was demonst ra ted  a t  porous Tef lon  e l e c t r o d e s  
with 5M su l fu r i c  acid e l e c t r o l y t e .  
ma/cm2 a t  a p o l a r i z a t i o n  o f  0.16 v o l t  was a t t a i n e d  a t  30°C. 

A c u r r e n t  d e n s i t y  of 200 

Reproducib le  a n o d i c  p o l a r i z a t i o n  c u r v e s  f o r  p a l l a d i u m - s i l v e r  
hydrogen d i f f u s i o n  e l e c t r o d e s  were o b t a i n e d  on ly  a f te r  c o n t r o l l e d  
o x i d a t i o n  o f  t he  s u r f a c e  of the f o i l .  The pa l l ad ium ox ide  f i l m  
i s  an essential  c a t a l y s t  f o r  the  t ransfer  and o x i d a t i o n  of hydrogen. 
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The o x i d e  c o a t i n g  formed a t  700°C a f t e r  f u l l  a n n e a l i n g  a t  8 5 0 " ~  
r e s u l t e d  i n  t he  bes t  anod ic  p o l a r i z a t i o n  f o r  t he  p a l l a d i u m - s i l v e r  
e l e c t r o d e ,  p a r t i c u l a r l y  a t  h i g h  c u r r e n t  d e n s i t i e s  (200 ma/cm2 
a t  0.30 v p o l a r i z a t i o n  a t  90°C). 

Thick  o x i d e  f i l m s  formed by t empera tu re  c y c l i n g  d i d  no t  improve 
e l e c t r o d e  c h a r a c t e r i s t i c s .  P o l m i z a t i o n  was a c t u a l l y  more s e v e r e  
a t  h igh  c u r r e n t  d e n s i t i e s  f o r  the t h i c k  ox ide  e l e c t r o d e s  t h a n  f o r  
t h i n  o x i d e  anodes.  

Rhodium p l a t i n g  on the  e l e c t r o l y t e  side o f  t he  p a l l a d i u m - s i l v e r  
f o i l  improved the  e l e c t r o d e  performance o n l y  i f  t he  f o i l  was 
o x i d i z e d  a f t e r  p l a t i n g ,  p robably  because  of oxide  r e d u c t i o n  d u r i n g  
the  p l a t i n g  o p e r a t i o n .  
a tmosphere degraded the  e l e c t r o d e s  by r educ ing  the  pa l l ad ium 
ox ide  c a t a l y t i c  f i l m .  

Heat t r e a t i n g  f o i l s  i n  a hydrogen 

B. NONAQUEOUS SYSTEMS 

The u s e  o f  a s o l i d  palladium membrane as a hydrogen d i f f u s i o n  anode 
w i t h  h y d r a z i n e  as a f u e l  was demonstrated i n  anhydrous hydrogen 
f l u o r i d e  s o l u t i o n  (KF03HF) a t  85"c. An anod ic  p o l a r i z a t i o n  of  
39 ma/cm2 was s u s t a i n e d  w i t h  a p o l a r i z a t i o n  of 0.27 v o l t  f rom the  
o p e n - c i r c u i t  p o t e n t i a l .  The s o l i d  palladium d i f f u s i o n  anode i s  of 
i n t e r e s t  i n  the hydrogen f l u o r i d e  sys tem because  of t h e  s e p a r a t i o n  
of f u e l  (hydraz ine  ) and ox idan t  ( c h l o r i n e  trif l u o r i d e  ) prov ided  
by t h e  s o l i d  anode barr ier .  
i n  t h e  e l e c t r o l y t e  compartment w i l l  degrade  the  c e l l  and w i l l  
c o n s t i t u t e  a p o s s i b l e  e x p i o s i o n  haza rd .  

Porous n i c k e l  p l aque  has been demonstrated as a f low- through 
hydrogen e l e c t r o d e  i n  KF-3HF at  85°C. 
at a p o l a r i z a t i o n  of 0.20 v o l t  from the r e v e r s i b l e  hydrogen 
p o t e n t i a l  was a t t a i n e d .  
f o r  a f u l l - c e l l  anode i f  p r o v i s i o n s  f o r  p r e v e n t i n g  mixing of f u e l  
and o x i d a n t  i n  t h e  e l e c t r o l y t e  compartment can  be made. 

Mixing of  u n r e a c t e d  f u e l  and o x i d a n t  

A c u r r e n t  d e n s i t y  of 39 ma/cm2 

T h i s  type  of anDde w i l l  be a c a n d i d a t e  
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111. PALLADIUM DIFFUSION ELECTRODE 

A .  BACKGROUND 

1. Genera l  
The s o l i d  pa l l ad ium hydrogen d i f f u s i o n  e l e c t r o d e  i s  a t t r a c t i v e  f o r  
f u e l  c e l l  sys tems u s i n g  hydrogen g a s  o r  materials t ha t  can be 
c o n v e r t e d  t o  hydrogen gas .  
an  e l e c t r i c a l l y  conduct ing  e l e c t r o d e  b u t  a l s o  can abso rb  and 
t ransfer  hydrogen (and only  hydrogen) from one s u r f a c e  t o  the 
o p p o s i t e  s u r f a c e  f o r  u s e  as an anode f u e l .  A l l  materials o t h e r  
than  hydrogen do n o t  p e n e t r a t e ,  s o  such  s o l u b l e  f u e l s  as hydraz ine  
can be  r e s t r i c t ed  from the e l e c t r o l y t e  compartment where t h e y  
cou ld  d i f f u s e  t o  and degrade  the ca thode .  

When d i s s o l v e d  i n  pa l lad ium,  hydrogen i s  said t o  e x i s t  i n  t h e  
i o n i z e d  s t a t e  and, under  t h e  i n f l u e n c e  of an e l e c t r i c a l  f i e l d ,  
t h e  p r o t o n  w i l l  be e j e c t e d  f r o m  the  metal. 
e s t a b l i s h e d  f o r  e m i t t i n g  a p ro ton  i n  an a l r e a d y  i o n i z e d  s t a t e ,  
t h e  e s s e n t i a l  s t e p ,  H = H+ + e-, be ing  produced w i t h i n  t he  metal 
( re f .  1). 
is  known t o  abso rb  hydrogen u n t i l  the  r a t i o  of hydrogen t o  
palladium becomes 0.69, a f t e r  which t h e  e l e c t r o d e  i s  i n  e q u i l i b r i u m  
w i t h  hydrogen g a s  a t  one atmosphere.  The p o t e n t i a l  of t h i s  
s a t u r a t e d  p a l l a d i u m  e l e c t r o d e  w i l l b e  t h e  same as t h a t  of a 
r e v e r s i b l e  hydrogen e l e c t r o d e  i n  c m t a c t  w i t h  t h e  same s o l u t i o n .  
Hoare and S c h u l d i n e r  ( re f .  2 )  have found t h a t  t h e  pa l lad ium-  
hydrogen e l e c t r o d e  has a p o t e n t i a l  p l a t e a u  t ha t  i s  50 m i l l i v o l t s  
more p o s i t i v e  t h a n  the r e v e r s i b l e  hydrogen p o t e n t i a l  a t  H/Pd 
r a t i o s  of 0.03 t o  r a t i o s  approaching t h e  s a t u r a t i o n  r a t i o  of 0.69 
when the r e v e r s i b l e  hydrogen p o t e n t i a l  i s  a t t a i n e d .  

Oswin and Chodosh ( ref .  3 )  have r e p o r t e d  the u s e  of nonporous 
p a l l a d i u m  as a hydrogen anode when p l a c e d  i n  c o n t a c t  w i t h  hydrogen 
g a s  on one s ide  and an e l e c t r o l y t e  on t h e  r e v e r s e  s i d e .  These 
a u t h o r s  i n d i c a t e  tha t  some s p e c i a l  s u r f a c e  p r e t r e a t m e n t  i s  r e q u i r e d  
b e f o r e  h i g h  c u r r e n t  d e n s i t i e s  can be  drawn from t h e  hydrogen- 
p a l l a d i u m  anode, b u t  t h e y  do no t  d i s c l o s e  the  n a t u r e  of  t h i s  
p r e t r e a t m e n t .  

The pa l l ad ium membrane n o t  o n l y  p r o v i d e s  

Hence, a mechanism i s  

I n  c o n t a c t  w i t h  hydrogen g a s  a t  one atmosphere,  pa l l ad ium 

Palladium-25$ s i l v e r  f o i l s  a r e  p r e f e r r e d  to pure  pa l l ad ium f o r  u s e  
as a c t i v e  anodes,  s i n c e  the  s i l v e r  a l l o y s  do no t  expand and 
c o n t r a c t  as s e v e r e l y  as pure  pa l lad ium d u r i n g  hydrogen c y c l i n g .  
T h i s  expans ion  and c o n t r a c t i o n  can cause  membrane c r a c k i n g  and 
f a i l u r e  ( r e f .  4 ) .  
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A number of p rev ious  workers  r e p o r t e d  t h a t  heat t r e a t m e n t  of 
pa l l ad ium f o i l  i n  a i r  a t  e l e v a t e d  tempera ture  i n c r e a s e d  the ra te  
of d i f f u s i o n  of hydrogen through the  f o i l  ( r e f .  and improved 
i t s  c h a r a c t e r i s t i c s  a s  a nonporous anode ( r e f .  65! 
however, were ra ther  q u a l i t a t i v e ,  and the  optimum c o n d i t i o n  f o r  
t h e  t r e a t m e n t  was no t  g iven  i n  any of these pape r s .  
mechanism has no t  y e t  been c l a r i f i e d .  
t o  d e f i n e  optimum c o n d i t i o n s  f o r  t h e  h e a t  t r e a t m e n t  and t o  
c l a r i f y  the  mechanism 
nonporous e l e c t r o d e .  

The data, 

Also,  t h e  
A program i s  underway here 

a s s o c i a t e d  wi th  the  hydrogen d i f f u s i o n  

Although many f a c t o r s  could  be re la ted t o  t he  pa l l ad ium heat 
t r e a t m e n t ,  the maTn e f f e c t s  on the c h a r a c t e r i s t i c s  of hydrogen 
d i f f u s i o n  e l e c t r o d e s  are a t t r i b u t e d  t o  a change of c r y s t a l  s t r u c t u r e  
of  the  a l l o y  and t o  a change of i t s  s u r f a c e  p r o p e r t i e s ,  s i n c e  
h e a t i n g  i n  a i r  up t o  790°C w i l l  d e f i n i t e l y  form an oxide  l a y e r  
on t h e  pa l l ad ium s u r f a c e .  The e f f e c t  of p l a t i n g  o t h e r  e l emen t s  

. on t h e  pa l l ad ium s u r f a c e  a l s o  should be cons ide red .  

A s  a nonporous d i f f u s i o n  anode, t h e  pal ladium membrane i s  involved  
i n  th ree  major  r e a c t i o n s :  
f u e l  i n v o l v i n g  a d s o r p t i o n  and d i s s o c i a t i o n  of hydrogen molecules  
i n t o  a tomic  hydrogen, o r ,  ve ry  l'i-kely, p r o t o n s  ( f o r  s i m p l i c i t y  
t h e  term "atomic hydrogen" w i l l  be used  i n  t h i s  r e p o r t ) ;  ( 2 )  
d i f f u s i o n  of atomic hydrogen through the  membrane; and ( 3 )  e l e c t r o d e  
r e a c t i o n  t o  release hydrogen atoms i n t o  i o n s  a t  the  e l e c t r o l y t e  
i n t e r f a c e .  It i s  most l i k e l y  t h a t  a l l  three r e a c t i o n s  w i l l  be 
more o r  less a f f e c t e d  by m e t a l l u r g i c a l  f a c t o r s  r e s u l t i n g  from t h e  
heat t r e a t m e n t  a t  e l e v a t e d  tempera tures .  

2. Crys ta l  S t r u c t u r e  

S ince  t h e  ve ry  t h i n  f o i l  i s  s e v e r e l y  c o l d  r o l l e d  i n  t h e  manufac tur ing  
p r o c e s s ,  h e a t i n g  t b  6oo0c, which was p r e v i o u s l y  recommended 
( ref ,  5, 6 )  may g i v e  some r e c r y s t a l l i z a t i o n  i n  a d d i t i o n  t o  a full 
degree  of r ecove ry  from t h e  cold work. 
i s  cons ide red  t o  be an optimum c o n d i t i o n  f o r  t h e  full a n n e a l i n g  of 
p a l l a d i u m - s i l v e r  a l l o y s  ( r e f .  7 ) .  D i f f e r e n t  m e t a l l u r g i c a l  
s t r u c t u r e s  o b t a i n e d  by v a r i o u s  heat t r e a t m e n t  probably  a f f e c t  t h e  
p r o p e r t i e s  of the membrane through the fo l lowing  mechanisms : 

(1) an i n t e r f a c i a l  r e a c t i o n  w i t h  hydrogen 

Heat treatment a t  850°C 

(1) D i f f e r e n t  r a t e  and amounts of molecu la r  hydrogen may 
be adsorbed on  t h e  s u r f a c e  of c o l d  r o l l e d  pa l l ad ium 
and annea led  pal ladium, because a p r e f e r r e d  o r i e n t a t i o n  
on the  s u r f a c e  of s e v e r e l y  c o l d  r o l l e d  pa l l ad ium i s  
p o s s i b l e .  
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Severe  deformat ion  o f  t h e  a l l o y  c r y s t a l  s t r u c t u r e  by co ld  
r o l l i n g  w i l l  decrease  t he  ra te  and the amount of  absorp-  
t i o n  and d i f f u s i o n  o f  a tomic hydrogen, s i n c e  hydrogen 
atoms are absorbed i n t o  and d i f f u s e d  through i n t e r s t i t i a l  
sites of the  pa l lad ium c r y s t a l  l a t t i c e .  

F ine -g ra ined  palladium w i l l  absorb  more atomic hydrogen 
than coarse-gra ined  material, s i n c e  grain boundar ies  are 
expec ted  t o  act as a s i n k  f o r  hydrogen atoms. 

The d i f f u s i o n  ra te  of a tomic hydrogen i n  f i n e - g r a i n e d  pal- 
ladium w i l l  probably be fas te r  than t h a t  i n  coa r se -g ra ined  
palladium, s i n c e  boundary d i f f u s i o n  is  much fas ter  t h a n  
bu lk  d i f f u s i o n .  

The e f fec t  of cold working and c r y s t a l  s t r u c t u r e  on the  
anodic  o x i d a t i o n  of atomic hydrogen t o  hydrogen i o n s  can- 
n o t  be p r e d i c t e d ,  a l though tens i le  stress i n  a metal is  
known t o  make it  anodic  t o  u n s t r e s s e d  metal (ref. 8) .  

3. Oxide F i lm Formation 

Palladium o x i d i z e s  r ead i ly  i n  an ox gen atmosphere t o  form a v i s i b l e  
ox ide  l a y e r  a t  350 t o  790°C (ref.  9 . 
on ly  pa l l ad ium ox ide  i s  expected t o  form on a p a l l a d i u m - s i l v e r  a l l o y  
because  of the u n s t a b i l i t y  of s i l v e r  ox ide .  
(PdO) , the  on ly  known oxide  of pa l l ad ium a t  high tempera ture ,  is  a 
p-type semiconductor  ( c a t i o n  vacancy type)  (ref. 10) Its c a t i o n -  
vacancy s t r u c t u r e  can be c h a r a c t e r i z e d  by pa l l ad ium i o n  vacanc ie s ,  
oPd++,  and s imul taneous  e l e c t r o n  d e f i c i t s ,  me’, acco rd ing  t o  t h e  
f o l l o w i n g  e q u a t i o n :  

I n  t h i s  t empera tu re  range  . 7 
Pal lad ium monoxide 

1/2 02 = PdO + UPd++ + 2 fle’ 

Assuming t h a t  no o t h e r  major  d i s o r d e r  e q u i l i b r i a .  are present , i .e .  , 
t h a t  t he  c o n c e n t r a t i o n  of t he  c a t i o n  v a c a n c i e s  i s  one half  of the 
c o n c e n t r a t i o n  of e l e c t r o n  d e f i c i t s ,  t hen  the  idea l  mass a c t i o n  l a w  
can be expres sed  as f o l l o w s :  

= K  o r  c(opd*) x c(De-)2 
1; 2 

(Po2 1 - 
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T h i s  r e l a t i o n  was s u b s t a n t i a t e d  by e x p e r i m e n t a l  data  f o r  the  
o x i d a t i o n  of copper ( r e f .  ll), and it  shows t h a t  t he  c o n c e n t r a t i o n  
of c a t i o n  v a c a n c i e s  and e l e c t r o n  d e f i c i t s  i s  a f u n c t i o n  of 
oxygen p r e s s u r e .  These c o n c e n t r a t i o n s  are a l s o  a f u n c t i o n  of 
t e m p e r a t u r e  and the a d d i t i o n  of o t h e r  c a t i o n s  o r  a n i o n s  t o  t h e  
ox ide .  

On the o t h e r  hand, we may assume tha t  t h e  t ransfer  of hydrogen 
molecu le s  i n t o  hydrogen i o n s  can be r e p r e s e n t e d  as f o l l o w s :  

H2 ( g a s )  --* 2H (Absorpt ion as an atom o r  p ro ton  a t  - 
gas-metal  s u r f a c e )  

I n t e r s t i t i a j  211 (abs)  2H+ ( i n t o  e l e c t r o l y t e )  
2H - d i f f u s i o n  i n  s u r f  a c e  

(3 1 Pd + 2ei ( i n t o  metal)  

Consequent ly ,  t h e  c a t i o n  vacancy si tes o r  e l e c t r o n  d e f i c i t s  
i n  t h e  pal ladium ox ide  l a y e r  on e i t h e r  s ide  may i n c r e a s e  the 
r e a c t i o n  as a c a t a l y z e r  by b e i n g  a n  a c c e p t o r  of p r o t o n s  o r  
f ree  e l e c t r o n s  produced by the d i s s o c i a t i o n  p r o c e s s .  
these s i tes  of  c r y s t a l  d e f e c t s  may supp ly  an easier d i f f u s i o n  
pa th  f o r  p r o t o n s  o r  f ree  e l e c t r o n s  i n  the  ox ide  l a y e r .  
one cannot  d i s t i n g u i s h  between the c a t a l y t i c  e f f ec t  of c a t i o n  
vacancy s i tes  o r  of e l e c t r o n  d e f i c i t s  a t  t h i s  stage. 

F u r t h e r ,  

However, 

4 .  C o n t r o l l i n g  F a c t o r s  on the C o n c e n t r a t i o n s  of C a t i o n  Vacancies  
i n  Pa l l ad ium Oxide 

The c o n c e n t r a t i o n  of c a t i o n  vacanc ie s  w i l l  be i n c r e a s e d  by (1) 
i n c r e a s i n g  the oxygen p r e s s u r e  acco rd ing  t o  Equat ion  ( 2 ) ,  and ( 2 )  
adding  higher  va lency  c a t i o n s  (which w i l l  r e s u l t  i n  d e c r e a s i n g  
the c o n c e n t r a t i o n  r a t i o  of e l e c t r o n  d e f i c i t s  t o  c a t i o n  vacanc ie s ,  
however) .  The a d d i t i o n  of lower va l ency  c a t i o n s  w i l l  d e c r e a s e  
the  
the 

B. 

1. 

c o n c e n t r a t i o n  of c a t i o n  v a c a n c i e s  and s i m u l t a n e o u s l y  i n c r e a s e  
c o n c e n t e a t i o n  r a t i o  of e l e c t r o n  d e f i c i t s  t o  c a t i o n  v a c a n c i e s .  

EXPERIMENTAL RESULTS AND DISCUSSION 

D e b e m i n a t i o n  of I m p u r i t i e s  i n  Palladium 

An e l e c t r o n  micro-probe ana lyze r*  was used  t o  determine Zmpur i t i e s  
i n  two k i n d s  of palladium-25F s i l v e r  f o i l  that  were manufac tured  
by two d i f f e r e n t  p r o c e s s e s :  (1) a "booking" r e d u c t i o n  p r o c e s s ,  and 
( 2 )  d i r e c t  r o l l i n g  by a m u l t i p l e x  c l u s t e r  r o l l i n g  m i l l .  A g e n e r a l  
q u a l i t a t i v e  a n a l y s i s  showed t h a t  t h e  f o i l s  c o n t a i n e d  no a p p r e c i a b l e  
i m p u r i t i e s .  

*Model JxA-3A by Japan E l e c t r o n - o p t i c s  Labora tory ,  Tokyo, Japan  
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Then a q u a n t i t a t i v e  a n a l y s i s  with the  h i g h e s t  s e n s i t i v i t y  of  t he  
i n s t r u m e n t  was performed f o r  s p e c i f i c  i m p u r i t i e s ,  p a r t i c u l a r l y  
t h o s e  which would presumably affect  t he  p a l l a d i u m - s i l v e r  e l e c t r o d e  
performance.  

R e s u l t s  of  the  q u a n t i t a t i v e  ana lyses  are shown i n  Table  1. Each 
v a l u e  i s  the ave rage  of two samples .  The a n a l y s e s  showed t h a t  
the  f o i l  that  was reduced by t h e  "booking" p r o c e s s  ( r o l l i n g  
between coppe r  p l a t e s )  had t h r e e  times the coppe r  c o n t e n t  OX' t ha t  
r o l l e d  d i r e c t l y  by a c l u s t e r  r o l l i n g  m i l l .  S i n c e  copper  forms a 
c o n t i n u o u s  series of s a l i d  s o l u t i o n s  w i t h  pa l l ad ium and s i l v e r ,  
i t  i s  r e a s o n a b l e  t o  assume tha t  copper  from t h e  s u p p o r t i n g  plates  
d i f f u s e d  i n t o  the a l l o y  d u r i n g  the  r o l l i n g  p r o c e s s .  

Table 1 

IMPURITIES I N  PALLADIUM-25$ SILVER FOIL 

Impur i ty  Content ,  ,$ , 

Manufac tur ing  
Pb - N i  - Fe c u  

Booking 0.02 0.11 0.00 0.06 

- P r o c e s s  

C l u s t e r  R o l l i n g  
M i l l  0.02 0.04 0.00 0.08 

2. E f f e c t  of  Heat Treatment on M e t a l l o g r a p h i c  S t r u c t u r e  of t h e  

The m e t a l l o g r a p h i c  s t r u c t u r e  of a c r o s s  s e c t i 3 n  of palladium-25$ 
s i l v e r  f o i l  as received from t h e  m a n u f a c t u r e r  i s  shown i n  F i g u r e  1. 
All c r y s t a l  g r a i n s  were thoroughly  d e s t r o y e d  d u r i n g  e o l d  r o l l i n g  
and were s e v e r e l y  deformed i n t a  a n  a lmost  lamellar s t r u c t u r e .  

P a l l a d i m - 2 %  S i l v e r  F o i  1 

The s t r u c t u r e  of a f o i l  a f te r  annea l ing  i n  a i r  f o r  5 h o u r s  a t  
850"c and quenching i n  water at  room t e m p e r a t u r e  i s  shown i n  
F i g u r e  2. The a l l o y  had n o t  only f u l l y  r e c o v e r e d  a f t e r  the 
heat t reatment  b u t  a l s o  was h i g h l y  c r y s t a l l i n e ,  p robab ly  because 
of  p r e v i o u s  s e v e r e  c o l d  work. However, the  g r a i n  s i z e s  were 
e x t r e m e l y  small because  of a very high ra te  of n u c l e a t i o n .  . S i n c e  
palladium monoxide decomposes a t  790 C ,  no ox ide  f i l m  i s  formed 
a t  850°C. 

*J. Bishop Company. 
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The s t r u c t u r e  of a f o i l  a f t e r  a n n e a l i n g  in a i r  f o r  f i v e  hour s  a t  
850"C, s u b s e q u e n t l y  o x i d i z i n g  i n  a i r  f o r  2 hour s  a t  7 O O 0 C ,  and f i n a l l y  
c o o l i n g  i n  a i r  i s  shown i n  F i g u r e  3. 
i d e n t i c a l  t o  t h a t  of t he  f o i l  t h a t  was annea led  only ,  shown i n  
F i g u r e  2. 

The s t r u c t u r e  was e s s e n t i a l l y  

The s t r u c t u r e s  
h o u r s  a t  700, 600, and 500°C (wi thout  p r e h e a t i n g  a t  850"c) are 
shown i n  F i g u r e s  4 ,  5, and 6, r e s p e c t i v e l y .  The photographs  
c l e a r l y  i n d i c a t e  t ha t  some r e c r y s t a l l i z a t i o n  occur red  a t  t h e  
m i d d l e  o f  t h e  f o i l  a t  7OO"C, l e s s  a t  600°C, and a lmost  none a t  500°C. 

The s t r u c t u r e  of  a f o i l  t h a t  was 
g a s  f o r  th ree  hour s  a t  600"c i s  shown i n  F i g u r e  7. 
g a s  was p u r i f i e d  b e f o r e  be ing  i n t r o d u c e d  i n t o  t h e  f u r n a c e  by p a s s i n g  
ove r  f i n e  copper  f o i l  heated a t  450°C. 
t h e  a l l o y  was r e c r y s t a l l i z e d  i n t o  a v e r y  uni form s t r u c t u r e  of 
p&lladium+silver-hydrogen s o l i d  s o l u t i o n  as hydrogen d i f f u s e d  i n t o  
and s a t u r a t e d  the f o i l .  

of t h e  f o i l s  a f t e r  heat t r e a t m e n t  i n  a i r  f o r  two 

heat t reated i n  p u r i f i e d  hydrogen 
The hydrogen 

The photograph  shows tha t  

Heat ing  a p a l l a d i u m - s i l v e r  f o i l  i n  a i r  f o r  two hours  a t  600"c and 
then i n  p u r i f i e d  hydrogen for th ree  hour s  a t  600"c r e s u l t e d  i n  t he  
s t r u c t u r e  shown i n  F i g u r e  8. The s u r f a c e  of the  heat t rea ted  f B i l  
appeared  v e r y  bumpy and b l i s t e r y .  Except f o r  a much smaller g r a i n  
s i z e  i n  some areas of  t h e  f o i l ,  t he  s t r u c t u r e  was similar t o  t ha t  
shown i n  F i g u r e  7. The p rev ious  heat t r e a t m e n t  i n  a i r  i n t r o d u c e d  
d i s s o l v e d  oxygen i n t o  t h e  s t r u c t u r e ,  f o l l o w i n g  t h e  r e a c t i o n  

We b e l i e v e  t h a t  hydrogen d i f f u s e d  i n t o t h e  a l l o y  and formed water 
vapor  by r e a c t i n g  w i t h  the d i s s o l v e d  oxygen. 
e v e n t u a l l y  escaped from t h e  a l l o y  ( e x p l a i n i n g  t h e  b l i s t e r e d  
appea rance )  b u t  h inde red  somewhat t h e  g r a i n  growth of t h e  pa l lad ium-  
s i l v e r - h y d r o g e n  s o l i d  s o l u t i o n ,  r e s u l t i n g  in smaller g r a i n  s i z e s  in 
some areas. 

The water vapor  

3.  S u r f a c e  F i lm  Formed by Oxida t ion  

E l e c t r o n  d i f f r a c t i o n  p a t t e r n s *  were taken by r e f l e c t i o n  from the 
s u r f a c e  o f  p a l l a d i u m - s i l v e r  f o i l s  t h a t  had been heat t reated i n  
v a r i o u s  manners. 
quenched i n  water showed no evidence of  an oxide  f i l m .  

The f o i l  that  had been annea led  a t  850°C and 
Although 

*Electron-microscope model JEM-6C by Japan  E l e c t r o n - o p t i c s  L a b o r a t m y ,  
Tokyo, Japan 
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Hydrogen was g e n e r a t e d  on the  p a l l a d i u m - s i l v e r  e l e c t r o d e  s u r f a c e  
i n  the l e f t  compartment by pass ing  a c o n s t a n t  c u r r e n t  between t h e  
e l e c t r o d e s  A and B. After s a t u r a t i n g  the  e l e c t r o d e  w i t h  hydrogen 
for 45 minu tes ,  t h e  c a t h o d i c  t reatsnent  on the  l e f t  side was con t inued  
a t  c o n s t a n t  c u r r e n t  while the  r i g h t  s i d e  of  B was anodized  a g a i n s t  
c o u n t e r  e l e c t r o d e  C. Absorbed hydrogen t h e n  d i f f u s e d  th rough  t h e  
f o i l  and was d i s c h a r g e d  from t h e  e l e c t r o d e  s u r f a c e  i n  t h e  r i g h t  
compartment. The anode p o t e n t i a l  was measured a g a i n s t  a s a t u r a t e d  
calomel  e l e c t r o d e  (SCE) v i a  a Luggin c a p i l l a r y ,  which was always 
p l a c e d  a t  t h e  same d i s t a n c e ,  l m m ,  from the  e l e c t r o d e  s u r f a c e  s o  
t h a t  p r o p e r  c o r r e c t i o n  cou ld  be made for the  I R  drop  between the 
anode and t h e  t i p  of the Luggin c a p i l l a r y .  A t  each of  three 
d i f f e r e n t  g e n e r a t i n g  c u r r e n t  d e n s i t i e s  between e l e c t r o d e s  A and By 
namely, 4, 40,  and 250 ma/cm2, the e l e c t r o d e  p o t e n t i a l s  were measured 
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s 3 m e  pa l l ad ium oxide  f i l m  w m l d  be  expec ted  t o  form, even d u r i n g  a 
r a p i d  c o b l i n g ,  the  f i l m  was a p p a r e n t l y  t o o  t h i n  t o  be d e t e c t e d  by 
e l e c t r o n  d i f f r a c t i o n .  The f o i l  was s h i n y  i n  appearance a f t e r  
h e a t i n g  and quenching.  

Heat ing  i n  a i r  between 500°C and 700°C formed a pa l l ad ium oxide 
c o a t i n g  of v a r i o u s  t h i c k n e s s e s .  The f i l m  had t h e  c r y s t a l  p a t t e r n  
of p a l l a d i u m  monbxide. The s u r f a c e  of  t he  f o i l  heated a t  700°C 
appea red  g r e y i s h  b l u e ,  a t  600"c appeared  s l i g h t l y  r edd i sh  b l u e ,  and 
a t  500°C appeared  deep b lue .  No pa l l ad ium monoxide was d e t e c t e d  
by e l e c t r o n  d i f f r a c t i o n  examinat ion of  a f o i l  t h a t  was heat t reated 
i n  a i r  a t  650"~ and t h a t  was subsequen t ly  used  as a hydrogen d i f f u s i o n  
e l e c t r o d e  u n t i l  t h e  f o i l  l o s t  i ts  c a p a c i t y  as an a n d e .  The 
d i s a p p e a r a n c e  of t h e  o x i d e  f i l m  was a t t r i b u t e d  t o  r e d u c t i o n  by 
absorbed  hydrogen ( e i t h e r  atomic o r  p r o t o n ) ,  which i s  a p o t e n t  
r e d u c i n g  a g e n t .  

4 .  E f f e c t  of Heat T r e a t m e n t  on P o l a r i z a t i o n  o f  Palladium-25% 
S i l v e r  D i f f u s i o n  E l e c t r o d e  

The e f f e c t  o f  the s t r u c t u r e  of  palladium-25$ s i l v e r  f o i l  on i t s  
c a p a c i t y  as an anode was determined by examining anod ic  p o l a r i z a t i o n  
cha rac t e r i s t i c s  of  heat t rea ted  f o i l s .  The p o l a r i z a t i o n  c e l l  i s  
shown i n  F i g u r e  9. A l l  e lec t rodes  were c l e a n e d  by immersing f o r  
30 minu tes  i n  h o t  c o n c e n t r a t e d  s u l f u r i c  acid s a t u r a t e d  w i t h  
chromic a c i d  and washing i n  d i s t i l l e d  water b e f o r e  heat t r e a t m e n t .  
E l e c t r o d e s  were k e p t  i n  a d e s i c c a t o r  a f t e r  the  c l e a n i n g  p r o c e s s  
t o  a v o i d  s u r f a c e  con tamina t ion  from t h e  atmosphere.  

F u l l  a n n e a l i n g  was accomplished by h e a t i n g  the f o i l  i n  a i r  f o r  
f i v e  hour s  a t  850"~ and quenching i n  c o l d  water t o  minimize oxide  
f o r m a t i o n  d u r i n g  c o o l i n g .  The ox ide  f i l m  on the  s u r f a c e  was formed 
by h e a t i n g  the  f o i l  i n  a i r  f o r  two hours  a t  a g i v e n  t e m p e r a t u r e  
and c o o l i n g  i n  a i r .  
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a t  v a r i o u s  c u r r e n t  d e n s i t i e s  between e l e c t r o d e s  B and C t o  
d e t e r m i n e  t h e  anod ic  p o l a r i z a t i o n  c h a r a c t e r i s t i c s  of t h e  
e l e c t r o d e .  
a v a l u e  of R s u c h  t h a t  t h e  l o g  I ~ 7 s  2 o t e n t i a l  r e l a t i o n  was 
l i n e a r  a t  c u r r e n t  d e n s i t i e s  below t h e  l i m i t i n g  c u r r e n t .  
p o l a r i z a t i o n  tes ts  were run  a t  90°C. 
have been c a l c u l a t e d  i n  r e l a t i o n  t o  a r e v e r s i b l e  hydrogen e l e c t r o d e  
a t  t h e  same pH and t empera tu re  as t h e  t e s t  s o l u t i o n s .  

The e f f ec t s  of  a n n e a l i n g  a n d o x i d i z i n g  a t  several  t e m p e r a t u r e s  on 
the a n o d i c  p o l a r i z a t i o n  c h a r a c t e r i s t i c s  of  p a l l a d i u m - s i l v e r  f o i l s  
are summarized i n  t he  fo l lowing  pa rag raphs .  

P o t e n t i a l s  were c o r r e c t e d  f m  I R  drop  by s e l e c t i n g  

A l l  
P o t e n t i a l s  i n  Table  2 

a. E f fec t  of  Annealing Only 

Annealing a p a l l a d i u m - s i l v e r  f o i l  above t h e  decomposi t ion  
t empera tu re  of  pa l l ad ium monoxide (790°C ) and subsequent  quenching 
t o  p r e v e n t  o x i d a t i o n  r e s u l t e d  i n  non- rep roduc ib le  anod ic  
p o l a r i z a t i o n  c h a r a c t e r i s t i c s  (Tests 2a and 2b, Table  2 ) .  P o l a r i z a t i o n  
Tes t  2a was c o n s i d e r a b l y  b e t t e r  t h a n  t h a t  f o r  t he  u n t r e a t e d  f o i l  
( T e s t  l), whi le  T e s t  2b was not  as 
u n t r e a t e d  f o i l .  
o x i d a t i o n  of  the annea led  f o i l  is  r e q u i r e d  f o r  r e p r o d u c i b l y  good 
anod ic  p o l a r i z a t i o n  c h a r a c t e r i s t i c s .  S l i g h t l y  d i f f e r e n t  amounts 
o f  ox ide  f i l m  formed on e l e c t r s d e s  2a and 2b p robab ly  account  
f o r  t h e  c o n s i d e r a b l e  d i f f e r e n c e  i n  d i s c h a r g e  behav io r .  

good as t h a t  of  t h e  
Subsequent, exper iments  have shown tha t  c o n t r o l l e d  

b .  E f f e c t  of  Annealing and Oxid iz ing  

Annealing a t  850"c fo l lowed  by o x i d a t i o n  i n  a i r  a t  700, 650, 
600; and 500°C were the  heat  treatments f D r  p a l l a d i u m - s i l v e r  
f o i l s  i n  Tes ts  3 t h rough  6, T a b l e  2. A l l  i n  t h i s  s e r i e s  showed 
b e t t e r  anod ic  p o l a r i z a t i o i 2  c h a r a c t e r i s t i c s  
o r  2b i n v o l v i n g  the  f o i l  as r e c e i v e d  o r  w i t h  a n n e a l i n g  o n l y  and  
no o x i d a t i o n .  
t empera tu re  (700°C) ( T e s t  3 ) ,  showed the  best anod ic  p r o p e r t i e s .  
T h i s  may be a t t r i b u t e d  t o  t h e  h i g h e r  number o f  c a t i o n  v a c a n c i e s  
i n  the ox ide  f i l m  formed by o x i d a t i o n  a t  the  h i g h e r  t e m p e r a t u r e .  
The o t h e r  f o i l s  of  t h i s  se r ies  ( T e s t s  4 t h rough  6 )  were o x i d i z e d  
a t  lower t e m p e r a t u r e s  down t o  500°C and were a l l  s t r o n g  anodes 
a l t h o u g h  somewhat less e f f e c t i v e  than  t h e  f o i l  o x i d i z e d  a t  t h e  
h i g h e s t  tempe.rature ( T e s t  3 ) .  

t h a n  Tes ts  1, 2a,  

The f o f l  t ha t  was o x i d i z e d  a t  t h e  h i g h e s t  

e .  E f fec t  of  Oxid iz ing  Only  

P a l l a d i u m - s i l v e r  f o i l s  were o x i d i z e d  a t  t empera tu res  below t h e  
decomposi t ion  t empera tu re  of pa l lad ium monoxide i n  Tests  7 th rough  10. 
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O f  the  o x i d a t i o n  t e m p e r a t u r e s  chosen, 700, 650, 600, and 5 O O " C ,  t h e  
bes t  anode was o x i d i z e d  a t  6 0 0 " ~ .  The r e a s o n  f o r  t h i s  maximum p e r -  
formance a t  an i n t e r m e d i a t e  tempera ture  w i t h  the  anodic  p r o p e r t i e s  
d e c r e a s i n g  as the  t empera tu re  r i ses  o r  f a l l s  i s  n o t  y e t  c l ea r .  It 
i s  no ted ,  however, t h a t  t h e  e l e c t r o d e s ,  f u l l y  annea led  b e f o r e  oxida-  
t i o n  ( T e s t s  3 t h rough  6 ) ,  had, i n  g e n e r a l ,  b e t t e r  p o l a r i z a t i o n  c u r v e s  
t h a n  t h o s e  w i t h o u t  p r e v i o u s  f u l l  a n n e a l i n g  (Tes t s  7 th rough  10). 
These tes t s  w i l l  be r e r u n  t o  check the r e p r o d u c i b i l i t y  of  t h e  p o l a r -  
i z a t i o n  cu rves .  Poor r e p r o d u c i b i l i t y  might be expec ted  because  of  
a p o s s i b l e  nonrep roduc ib le  s t r u c t u r e  change i n  the i n t e r i o r  of  the 
f o i l  besides t h e  fo rma t ion  of the  oxide  on the s u r f a c e .  

d .  E f f e c t  of Temperature Cycling 

The e l e c t r o d e  f o r  T e s t  11 was r e p e a t e d l y  heated f o r  one hour  a t  
650"c and coo led  i n  l i q u i d  a i r .  After  t h e  t h i r d  h e a t i n g ,  the  f o i l  
was coo led  i n  a i r  to room tempera ture .  No s c a l i n g  was observed  
d u r i n g  t h e  o p e r a t i o n ,  and t h e  e l e c t r o d e  s u r f a c e  was g r e y i s h ,  i n d i -  
c a t i n g  t h a t  a much t h i c k e r  oxide  f i l m  was formed t h a n  f o r  t h e  p r e -  
v i o u s  e l e c t r o d e s .  The anodic  p o l a r i z a t i o n  t e s t  f o r  T e s t  11 was n o t  
as good as t h a t  f o r  T e s t  8 ( a  s ingle  n e a t i n g  a t  650"c f o r  2 h o u r s ) ,  
p a r t i c u l a r l y  a t  higher  c u r r e n t  d e n s i t i e s .  

5. E f f e c t  of A d d i t i o n a l  P l a t i n g  

S ince  p r e v i o u s  work i n  t h i s  l a b o r a t o r y  showed t h a t  rhodium p l a t i n g  
improved the  performance o f  u n t r e a t e d  p a l l a d i u m - s i l v e r  d i f f u s i o n  
e l e c t r o d e s ,  a se r ies  o f  exper iments  was performed to de te rmine  more 
d e f i n i t e l y  t h e  e f f e c t  of  rhodium p l a t i n g .  The c e l l  used  was s imi la r  
to t h a t  shown i n  F i g u r e  9 except  t h a t  pu re  hydrogen gas was d i r e c t l y  
s u p p l i e d  as a f u e l  to t h e  l e f t  compartment, and 5 M  po ta s s ium hydrox- 
ide  was used  as an e l e c t r o l y t e  i n  the  r i g h t  compartment. The hydro- 
gen g a s  was p u r i f i e d  by p a s s i n g  through a c y l i n d e r  f i l l e d  w i t h  p a l l a -  
dium p e l l e t s *  f o r  conve r s ion  of  traces of oxygen to water. 

* A commercial u n i t  s u p p l i e d  by Engelhard I n d . ,  I n c . ,  N. J. 
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The gas was t h e n  passed  through an  A s c a r i t e  tower t o  remove water 
vapor  and carbon d i o x i d e .  The g a s  e n t r a n c e  t u b e  i n t o  the c e l l  
was a r r a n g e d  s o  t h a t  t h e  g a s  impinged d i r e c t l y  on the  pa l l ad ium 
f o i l  s o  t ha t  a f r e s h  supp ly  of p u r i f i e d  hydrogen c o n t i n u a l l y  
swept the e l e c t r o d e  s u r f a c e  ( ref .  1 2 ) .  

The e l e c t r o d e  was f i r s t  s a t u r a t e d  w i t h  hydrogen by purg ing  t h e  
f u e l  compartment w i th  the g a s  u n t i l  the  e l e c t r o d e  p o t e n t i a l  
became c o n s t a n t  f o r  a t  l ea s t  10 minu tes .  The r i g h t  hand side of  
the f o i l  (F igu re  9 )  was t h e n  a n o d i c a l l y  p o l a r i z e d  by a p o t e n t -  
i o s t a t "  f o r  one minute  each i n  p o t e n t i a l  increments  of 100 mv 
u n t i l  e i t h e r  a c u r r e n t  d e n s i t y  of  250 ma/cm2 o r  t he  oxygen g a s s i n g  
p o t e n t i a l  was a t t a ined .  

The p a l l a d i u m - s i l v e r  f o i l  was heat t rea ted  i n  a i r  f o r  one hour  a t  
600"c b e f o r e  p l a t i n g  w i t h  rhodium black.  Rhodium was p l a t e d  
f i r s t  f o r  15 minu tes  a t  10 ma/cm2 and t h e n  f o r  35 minu tes  a t  
40 ma/cm2 i n  a O.OO5M s o l u t i o n  of rhodium ch lDr ide  a d j u s t e d  t o  
pH 1 wi th  h y d r o c h l o r i c  acid.  A l l  tes ts  were made a t  room 
t e m p e r a t u r e .  However, t h e  tempera ture  of the e l e c t r o l y t e  i n c r e a s e d  
s l o w l y  d u r i n g  t h e  tes ts .  R e s u l t s  are p l o t t e d  as l o g  I v s  E by 
a d j u s t i n g  I R  d rop  between the Pd-Ag e l e c t r o d e  and a Luggin c a p i l l a r y  
u n t i l  a s t r a i g h t  T a f e l  r e l a t i o n  was obtadned f o r  a range  o f  c u r r e n t  
d e n s i t i e s .  P o t e n t i a l s  a t  va r ious  c u r r e n t  d e n s i t i e s  on the  a o j u s t e d  
cu rve  are g i v e n  i n  Table 3. 

a .  E f f e c t  o f  Rhodium P l a t i n g  On Oxid ized  F o i l  

Rhodium p l a t i n g  on o x i d i z e d  f o i l  w i t h  no f u r t h e r  treatment was 
d e l e t e r i o u s  t o  t he  a n o d i c  p o l a r i z a t i o n  cha rac t e r i s t i c s  as shown 
by a comparison of Tests  1 and 2, T p b l e  3. The oxdde f i l m  formed 
by p r e l i m i n a r y  heat  t r e a t m e n t  a t  6oo0c,  which was p r e v i o u s l y  shown 
t o  be  r e q u i r e d  f o r  good anodic  p r o p e r t i e s ,  was p robab ly  reduced  
by evolved  hydrogen d u r i n g  the  rhodium p l a t i n g  i n  t h e  low p H  s o l u t i o n .  

I 
I 

"Wenking (West Germany) Model 6376TR 
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b .  E f fec t  of Ox id iz ing  a f t e r  Rhodium P l a t i n q  

Good c u r r e n t  d e n s i t y  r e l a t i o n s  (0.38 v o l t  p o l a r i z a t i o n  a t  100 ma/  
cm2) were o b t a i n e d  by p o l a r i z i n g  f o i l s  t h a t  had been rhodium p l a t e d  
and t h e n  o x i d i z e d  a t  650"c ( T e s t  3a and 3 b ) .  Much b e t t e r  r e s u l t s  
were o b t a i n e d  t h a n  t h o s e  f o r  t h e  c o n t r o l  e l e c t r o d e  ( T e s t  1) which 
was o x i d i z e d  on ly  w i t h o u t  p l a t i n g .  D u p l i c a t e  exper iments ,  a and b 
f o r  T e s t  3, were i n  good agreement. 

PdO, t h e n ,  i s  an e f f e c t i v e  c a t a l y s t  f o r  the o x i d a t i o n  of  HE from 
the  m o l e c u l a r  t o  t h e  i o n i c  s t a t e ,  r e s u l t i n g  i n  improvement of over-  
a l l  u t i l i z a t i o n  of  H 2  f u e l .  The a d d i t i o n  of  R h  improves t h e  cata-  
l y t i c  a c t i o n  o f  PdO. 
are assumed as f o l l o w s :  

Mechanisms invo lved  i n  the  e f f e c t  of Rh p l a t i n g  

Rhodium i s  o x i d i z e d  i n  a i r  a t  650"c t o  form Rh203 and Rho. 

The a d d i t i o n  of  Rh203 to PdO i n c r e a s e s  t h e  c o n c e n t r a t i o n  o f  
c a t i o n  vacanc ie s  and d e c r e a s e s  t h e  r a t i o  of t he  c o n c e n t r a t i o n  
of  e l e c t r o n  d e f i c i t s  t o  t h e  c o n c e n t r a t i o n  of  c a t i o n  v a c a n c i e s  
acco rd ing  t o  t h e  f o l l o w i n g  e q u a t i o n :  

R h 2 0 3  = 2 Rh*'(Pd) + 3DPd++ + 3 PdO (4 1 
where Rh*+(Pd) d e n o t e s  R h  +* i o n s  on Pd++ vacan t  s i t es .  
i n c r e a s e  i n  t h e  c o n c e n t r a t i o n  of c a t i o n  v a c a n c i e s  would t h e n  
b e n e f i t  t h e  e l e c t r o d e  performance. 

The 

c .  E f f e c t  of Loca t ion  o f  Rhodium P l a t i n g  

Rhodium p l a t i n g  was e f f e c t i v e  only a t  t h e  e l e c t r o l y t e  s u r f a c e  and 
was i n e f f e c t i v e  a t  t h e  gas s u r f a c e ,  as i s  shown by a comparison o f  
Tes ts  3 and 4 (Table 3 ) .  
side o n l y ,  had e x c e l l e n t  anodic  p o l a r i z a t i o n  c h a r a c t e r i s t i c s ,  whi le  
e l e c t r o d e  4, p l a t e d  on the  gas  side on ly ,  p o l a r i z e d  s e v e r e l y  a t  low 
c u r r e n t  d e n s i t i e s .  A p a l l a d i u m - s i l v e r  f o i l ,  p l a t e d  w i t h  rhodium on 
b o t h  s ides ,  showed t h e  same good anodic  behav io r  as f o i l s  p l a t e d  on 
t h e  e l e c t r o l y t e  s ide  on ly  ( T e s t  5 ) .  

6. 

All heat t r e a t m e n t s  of e l e c t r o d e s  i n  hydrogen ( w i t h  o r  w i t h o u t  an 
i n i t i a l  o x i d a t i o n  i n  a i r )  r e s u l t e d  i n  d e a c t i v a t i n g  the e l e c t r o d e  as 
an anode, as shown i n  Tes ts  6,  7, and 8, T a b l e  3. These exper iments  
are a d d i t i o n a l  ev idence  t h a t  pa l lad ium ox ide  i s  a fundamental  cata-  
l y s t  f o r  hydrogen t r a n s f e r  and o x i d a t i o n ,  and r e d u c t i o n  of  t h i s  
ox ide  w i t h  hydrogen d e a c t i v a t e d  the e l e c t r o d e .  When an e l e c t r o d e  
was hea t  t rea ted  i n  hydrogen and t h e n  o x i d i z e d  i n  a i r  a t  650°C 
( T e s t  9) t he  anodic  p r o p e r t i e s  were g r e a t l y  improved compared w i t h  
Tes ts  6, 7, and 8 ,  b u t  t he  p o l a r i z a t i o n  curve  was n o t  as good as 
t h a t  of Tes ts  3 and 5 w i t h o u t  h igh- tempera ture  hydrogen t r e a t m e n t .  

E l e c t r o d e  3, p l a t e d  on t h e  e l e c t r o l y t e  

E f f e c t  of  Heat T r e a t i n g  i n  Hydrogen Atmosphere 
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7. Dura t ion  of Pa l l ad ium-S i lve r  F o i l  A c t i v a t i o n  

The rhodium-plated p a l l a d i u m - s i l v e r  f o i l s  of  t he  t y p e  used  i n  Tes ts  
3 and 5 were p o l a r i z e d  f o r  10 hours  a t  c o n s t a n t  p o t e n t i a l  b e f o r e  
c u r r e n t  f a i l u r e  occur red .  The r e d u c t i o n  of  pa l l ad ium oxide  by 
hydrogen a t  room tempera tu re ,  which i s  thermodynamically f a v o r a b l e ,  
i s  p r o b a b l y  the  cause  of t h e  e l e c t r o d e  d e g r a d a t i o n .  

8. Conclus ions  

The f o l l o w i n g  t e n t a t i v e  conc lus ions  have been made a f t e r  examining 
t h e  p o l a r i z a t i o n  da t a  of h e a t - t r e a t e d  and rhodium-plated pa l lad ium-  
s i l v e r  e l e c t r o d e s .  T h i s  work i s  s t i l l  i n  p r o g r e s s ,  s o  these conclu-  
s i o n s  w i l l  be s u b j e c t  t o  r e v i e w  i n  subsequent  r e p o r t s .  

1. 

2 .  

3 .  

4. 

5. 

6 .  

PdO i s  an e f f e c t i v e  c a t a l y s t  f o r  the o x i d a t i o n  of  H2 from 
t h e  molecu la r  t o  t he  i o n i c  s t a t e ,  r e s u l t i n g  i n  improvement 
o f  o v e r a l l  u t i l i z a t i o n  of  H 2  f u e l .  The a d d i t i o n  of  R h  i m -  
p roves  t h e  c a t a l y t i c  a c t i o n  of  PdO. 

F u l l  a n n e a l i n g  of the  p a l l a d i u m - s i l v e r  f o i l  improved the 
e l e c t r o d e  performance.  

The ox ide  c o a t i n g  formed a t  700°C a f t e r  f u l l  a n n e a l i n g  a t  
850"c r e s u l t e d  i n  t he  b e s t  anodic  p o l a r i z a t i o n  f o r  t h e  
p a l l a d i u m - s i l v e r  e l e c t r o d e ,  p a r t i c u l a r l y  a t  high c u r r e n t  
d e n s i t i e s .  

Thick oxide  f i l m s  formed by t empera tu re  c y c l i n g  d i d  n o t  
improve e l e c t r o d e  c h a r a c t e r i s t i c s .  P o l a r i z a t i o n  was a c t u -  
a l l y  more s e v e r e  a t  high c u r r e n t  d e n s i t i e s  f o r  the  t h i c k  
oxide  e l e c t r o d e s .  

Rhodium p l a t i n g  on t h e  e l e c t r o l y t e  s ide  of  t h e  pa l lad ium-  
s i l v e r  f o i l  improved t h e  e l e c t r o d e  performance on ly  i f  the 
f o i l  was o x i d i z e d  a f t e r  p l a t i n g .  

Heat t r e a t i n g  f o i l s  i n  a hydrogen atmosphere degraded the 
e l e c t r o d e s  by r educ ing  the  pa l l ad ium ox ide  c a t a l y t i c  f i l m .  

2 1  
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C. 

1. 

2. 

3 .  

PROGRAM FOR THE SECOND QUARTER 

Determine t h e  e f f e c t  of  a d d i t i o n  of metals o t h e r  t han  rhodium 
t o  t h e  PdO f i l m  t o  f u r t h e r  improve e l e c t r o d e  performance and 
t o  e s t a b l i s h  t h e  e l e c t r o d e  mechanism. 

( a )  

(b) Low va lency  metals - Ag, Cu, L i .  

( c )  Biva lency  metals - N i ,  Co, Mg, P t .  

( d )  

High va lency  metals - T i ,  Zr, Th, Sn, A l ,  Fe,  C r y  Ru, Ir. 

Metals t o  form an oxide cf n- ty  e semiconductor  - (MgO), 
Th ,  (Th027, T i ( T i 0  ), Z r ( Z r 0 3 ,  Fe(Fe203) ,  
A ~ ( A ~ ~ o ~ ) ,  Sn(Sn08 ? . 

( e )  Metals t o  form an semiconductor  - Cr(CrzO3),  
N i ( N i O ) ,  C O ( C O O ) ,  Cu(Cu2O), 

( f )  Metals t o  f o r m  an oxide of a m p h o t e r i c  t pe semiconductors  - 
C r ( C r 2 0 3 ) ,  Ir(IrO2 s , Ru(RuOa), T i ( T i 0 ,  
T i 2 0 3 ) .  

Determine t h e  e f fec t  of  a l l o y  g r a i n  s i z e  on e l e c t r o d e  c h a r a c t e r -  
i s t i c s .  

Determine t h e  e f f e c t  o f  t r a c e s  o f  i m p u r i t i e s  on p a l l a d i u m - s i l v e r  
e l e c t r o d e  performance by us ing  a 99.99$ pure  a l l o y .  
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I V .  ELECTRODES AND FUEL CELLS I N  AQUEOUS SYSTEMS 

A. ANODIC OXIDATION OF HYDRAZINE AT SOLID PALLADIUM DIFFUSION 
ELECTRODE 

The s o l i d  pa l l ad ium membrane was t e s t e d  f o r  a n o d i c a l l y  o x i d i z i n g  
85s hydraz ine  h y d r a t e  i n  5 M  s u l f u r i c  a c i d  e l e c t r o l y t e .  The c e l l  
arrangement  i s  shown i n  F i g u r e  10. The 0.001-inch pa l l ad ium mem- 
b r a n e  was c l eaned  by b o i l i n g  i t  i n  c o n c e n t r a t e d  potass ium hydrox- 
i d e ,  r i n s i n g  it w i t h  d i s t i l l e d  water ,  and q u i c k l y  d i p p i n g  i n  con- 
c e n t r a t e d  h y d r o c h l o r i c  a c i d .  The membrane was mounted i n  the  t e s t  
c e l l  and t h e n  p l a t e d  i n  O.OO5M RhC13 f o r  g r e y  c o a t i n g s  and i n  0.05M 
RhC13 f o r  s h i n y  c o a t i n g s .  P l a t i n g  s o l u t i o n s  were d e - a e r a t e d  by 
p u r g i n g  w i t h  hel ium. The 2 . 5  cm2 membrane was p l a t e d  a t  2 m a  f o r  
30 minu tes .  

R e s u l t s  of tes ts  w i t h  t h r e e  d i f f e r e n t  pa l l ad ium membranes are shown 
i n  Tab le  4 .  The two membranes w i t h  g r e y  rhodium c o a t i n g s  showed 
r e a s o n a b l e  r e p r o d u c i b i l i t y ,  and b o t h  performed b e t t e r  a t  v e r y  h i g h  
c u r r e n t  d e n s i t y  t h a n  pa l l ad ium f o i l s  w i t h  s h i n y  rhodium c o a t i n g s .  
Tes ts  a t  30, 60, and 90°C were made f o r  e a c h  membrane. Tes ts  a t  
e a c h  t empera tu re  r e q u i r e d  between 15 and 20 minu tes  to run .  The 
ha l f  c e l l  r a n  a t o t a l  o f  one hour f o r  a l l  t e s t s .  

B. ANODIC OXIDATION OF HYDRAZINE AT POROUS TEFLON DIFFUSION 
ELECTRODE 

An i m p o r t a n t  c a n d i d a t e  f o r  a fue l - ceJ l  system i s  hydraz ine  w i t h  
e i t h e r  n i t r i c  a c i d  or d i n i t r o g e n  t e t r o x i d e  as the  o x i d a n t .  The 
pa l l ad ium membrane has been shown to be a t t a c k e d  a t  e l e v a t e d  t e m -  
p e r a t u r e s  by a t r a c e  of  n i t r i c  a c i d .  U n l e s s  pa l l ad ium membranes 
can be a l l o y e d  w i t h  p l a t inum f o r  g rea t e r  res is tance to n i t r i c  a c i d  
( r e f .  13), pa l l ad ium f o i l  cannot be used  as a hydraz ine  e l e c t r o d e  
w i t h  n i t r i c  a c i d  or d i n i t r o g e n  t e t r o x i d e  as t h e  o x i d a n t .  There- 
f o r e ,  t h e  "porous Te f lon  vapor  d i f f u s i o n  e l e c t r o d e "  (PTVDE) o f f e r s  
t h e  b e s t  p o s s i b i l i t y  of  u t i l i z i n g  hydraz ine  w i t h  n i t r i c  a c i d .  

One scheme for u s i n g  t h e  PTVDE e l e c t r o d e  i s  to f e e d  8% hydraz ine  
h y d r a t e  to the  back of  t he  e l e c t r o d e  and a l low hydraz ine  vapor  to 
pass th rough  the e l e c t r o d e  to t h e  a c t i v e l y  c a t a l y z e d  s i d e .  Another 
p r o p o s a l  i s  to decompose t h e  hydraz ine  t o  n i t r o g e n  and hydrogen 
gases, which are t h e n  f e d  to t h e  porous  Te f lon  e l e c t r o d e .  The l a t -  
t e r  scheme has t h e  advantage  of  n o t  con tamina t ing  the  e l e c t r o l y t e  
w i t h  hydraz ine  or, i f  s u l f u r i c  a c i d  i s  the  e l e c t r o l y t e ,  of n o t  form- 
i n g  a p r e c i p i t a t e  of hydraz ine  s u l f a t e  a t  t h e  anode s u r f a c e .  

. 

The system used  f o r  decomposing the hydraz ine  and f e e d i n g  n i t r o g e n  
and hydrogen gas to t h e  PTVDE i s  shown i n  F i g u r e  11. Rhodium b l a c k  
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powder* was used t o  decompose 83% hydraz ine  hydra t e  i n  an e x t e r n a l  
f l a sk .  The ra te  of hydrogen product ion  was s u f f i c i e n t  t o  s u p p o r t  
a c u r r e n t  of  300 ma/cm2, based on the  r e a c t i o n  N2H4 4 
R e s u l t s  of two hydraz ine  decomposi t ion tests are g iven  i n  Table 5. 
Rates o f  gas fo rma t ion  were measured f o r  the second run .  
c u r r e n t s  of 200 ma/cm2 could  be ma in ta ined .  A t  c u r r e n t s  h ighe r  
t h a n  250 ma/cm2, the p o t e n t i a l s  s lowly  d e t e r i o r a t e d .  

N 2  + 2H2.  

S teady  

Details of t h e ' p r e p a r a t i o n  of the PTVDE were g iven  i n  the las t  
f i n a l  r e p o r t  ( ref .  1 4 ) .  A c a t a l y s t  l o a d i n g  of 50 mg/cm2 of  
p l a t inum powder" was p r e s s e d  i n t o  a double  t h i c k n e s s  TeTlon- 
impregnated glass membrane**. The expe r imen ta l  c u r r e n t  
e f f i c i e n c y  of  704& may be l e s s  t han  t h e o r e t i c a l  because of 
i n s u f f i c i e n t  a c t i v e  c a t a l y s t  s u r f a c e ,  or nonhomogenous c a t a l y s t  
area, a l lowing  hydrogen t o  p e n e t r a t e  w i thou t  c o n t a c t i n g  c a t a l y s t .  

The h y d r a z i n e - n i t r i c  a c i d  c e l l  made w i t h  porous Tef lon  e l e c t r o d e s  
shou ld  have a good v o l t a g e  and low p o l a r i z a t i o n .  HDwever, t h e  
n i t r o g e n  by-product  of hydrazine decomposi t ion must be f e d  through 
t h e  PTVDE and may cause  d i f f i c u l t i e s  i n  t h e  f u l l  c e l l  des ign .  
A l t e r n a t e l y ,  a conven t iona l  gas e l e c t r o d e  w i t h  c i r c u l a t i n g  gas 
might be used.  

C .  SELECTIVITY OF CARBON AND PLATINUM A S  CATALYSTS FOR N I T R I C  
ACID AND HYDRAZINE 

We have p r e v i o u s l y  r e p o r t e d  t h a t  carbon i s  s e l e c t i v e  t o  the r e d u c t i o n  
of n i t r i c  a c i d ,  even i n  the  presence of O.5M hydraz ine  ( r e f .  1 4 ) .  
Through an o v e r s i g h t ,  t h e  d a t a  were n o t  g iven  i n  t h e  f i n a l  r e p o r t .  
Table 6 c o n t a i n s  these data combined w i t h  t h o s e  f o r  p l a t inum 
and ru thenium-ca ta lyzed  carbons i n  the same s o l u t i o n s .  

The da ta  show tha t  even wi th  O . 5 M  hydraz ine  and 5M n i t r i c  a c i d ,  
FC-13 carbon? a c t s  as a s p e c ' f i c  c a t a l y s t  f o r  n i t r i c  a c i d  a t  e i t h e r  
30°C FC-14 carbon+ is less a c t i v e  b u t  i s  s t i l l  s p e c i f i c .  
The p l a t inum-ca ta lyzed  FC-14 carbon f u n c t i o n s  as a f a i r  anode 
( is  hydraz ine  s e l e c t i v e )  w i t h  0.3M hydraz ine  i n  5M n i t r i c  a c i d  a t  
90°C. 
and i s  n o t  s e l e c t i v e  t o  e i t h e r  r e a c t a n t .  

o r  90°C. 

Ruthenium-catalyzed FC-14 carbon shows a mixed p o t e n t i a l  

* 
Engleharg I n d u s s r i e s ,  I n c  ., Newark, N .  J .  

Pure Carbon Company, I n c . ,  S t  Marys, Pennsylvania  
* * P a l l  TV-20-30A 
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Table 5 

I EXTEFWAL HYDRAZINE DECMPOSITION AND UTILIZATION AT POROUS TEFLON ELECTRODE 

E lec t ro ly t e  - 5M H&O1;Anode - PTVDE, 50 mg Pt/cm2,Temperature - 3 0 ° C  

Current Density 

I ma/cm* 

0 

I 4 

0. I 
20 

40 

60 

1 80 

100 

I 120 

200 1 

Potent ia l  vs HE a t  same Temperature and pH 

Test  I 

0.060 

0.060 

0.060 

0.065 

0,070 

0.070 

0.080 

0. W5 

0. og 
__--- 

T e s t  I1 

0.060 

00 075 

0.075 

0.075 
0.080 

0. og 
0.10 

0.11 

0.12 

0.16 

I 
Note: For T e s t  I1 H2 production r a t e  our feed rate measured assuming N2H49 i 

1 
N2 + 2H2 

Tota l  gas evolution r a t e  at 30°C = 9.0 cc/min 

HZ rate = 4.3~ moles/sec 

Maximum current  f o r  H2 r a t e  = 330 ma/cm2 1 
1 
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From the  da ta  shown, i f  a n  FC-13 ca thode  and p l a t i n i z e d  FC-14 anode 
were used  i n  t he  same f u e l - o x i d a n t - e l e c t r o l y t e  s o l u t i o n  (O.5M N z H ~  - 
5 M  HNO3), an  o p e n - c i r c u i t  p o t e n t i a l  of about  0.8 v o l t  a t  90°C should  
r e s u l t .  
whi le  a t  100 ma/cm2 a v o l t a g e  of 0.5 v o l t  cou ld  be o b t a i n e d .  

A t  50 ma/cm2, t h e  vo l t age  should  be a t  l e a s t  0.60 v o l t ,  

D. FULL-CELL CONSTRUCTION AND TESTING 

1. Hydrogen Peroxide-Hydrogen Cel l  

A complete  c e l l  u s i n g  a PTVDE cathode w i t h  hydrogen pe rox ide  and a 
rhodium-catalyzed pa l l ad ium anode w i t h  8% hydraz ine  hydra te  i s  
shown i n  F i g u r e  12.  The e l e c t r o l y t e  compartment was made by com- 
b i n i n g  three s i l i c o n  r u b b e r  g a s k e t s  w i t h  a gas v e n t  i n  the  midd le .  
The s e p a r a t i o n  between e l e c t r o d e s  was about  3 mm. The e l e c t r o l y t e  
was 5 M  po ta s s ium hydroxide .  Data f o r  two such  c e l l s  are l i s t e d  i n  
Tab le  7. The c e l l  r e s i s t a n c e  i n  ohm-cm2 was determined by d i v i d i n g  
the  I R  d rop  a c r o s s  t he  c e l l  by t h e  c u r r e n t  d e n s i t y .  The I R  d rop  
was taken as t h e  d i f f e r e n c e  between t h e  c e l l  v o l t a g e  and the  Kordesch- 
Marko br idge v o l t a g e  ( I R - f r e e ) .  The c e l l  res i s tance  v a l u e s  of  2 to 
3 ohm-cm2 are l a rge r  t h a n  the  c a l c u l a t e d  r e s i s t a n c e  f o r  3 mm of 5M 
po tas s ium hydroxide a t  30 and 50°C (0.4 ohm-cm2 and 0.3 ohm-cm2, 
r e s p e c t i v e l y ) , * *  s o  o u r  measured v a l u e s  may i n c l u d e  c o n t a c t  resist-  
ances .  

The b e s t  c e l l  o u t p u t ,  0.70 v o l t  a t  40 ma/cm2 r e p r e s e n t s  a promis ing  
s t a r t  i n  f u l l - c e l l  development.  Each c e l l  ran f o r  about  th ree  hour s  
b e f o r e  s e v e r e  d e t e r i o r a t i o n .  A t  t he  t i m e  of  v o l t a g e  f a i l u r e ,  t he  
p e r o x i d e  c o n c e n t r a t i o n  had dropped from 1 0 M  to about  2M i n  t h e  b u l k  
feed s o l u t i o n .  Rejuvenat ion  o f  t he  p e r o x i d e  c o n c e n t r a t i o n  improved 
the  c e l l  performance to c l o s e  t o  the  o r i g i n a l  c o n d i t i o n s .  

2. Oxygen-Hydrogen ( o r  Hydrazine)  C e l l  ( 3 - i n .  by 3 - in .  E l e c t r o d e s )  

Work was s t a r t e d  on t h e  c o n s t r u c t i o n  and t e s t i n g  of  f u e l  c e l l  u n i t s  
w i t h  an e l e c t r o d e  a r e a  o f  9 sq i n .  Hydrogen and hydraz ine  were 
t e s t ed  as f u e l s ,  and oxygen and hydrogen p e r o x i d e  were t e s t ed  as 
o x i d a n t s .  

C o n s t r u c t i o n  d e t a i l s  for the f u e l  c e l l  are shown i n  F i g u r e  13. The 
end p l a t e s  were made of  n i c k e l  p l a t e d  s t a i n l e s s  s teel .  The c o r r u -  
gated s t r u c t u r e  of  t he  end p l a t e  a l l o w s  uni form r e a c t a n t  d i s t r i b u t i o n  
wh i l e  making good e l e c t r i c a l  c o n t a c t  w i t h  t h e  conduc t ing  e l e c t r o d e  
s u r f a c e .  The anode c o n s i s t e d  of a s o l i d  p a l l a d i u m  hydrogen d i f f u s i o n  
membrane, 0.001 i n .  t h i c k ,  supported on the  back s i d e  by 0.030 i n .  
t h i c k  n i c k e l  p laque .*  The n i c k e l  p l aque  had a p o r o s i t y  of  approx- 
i m a t e l y  75% and s o  d i d  n o t  s e r i o u s l y  a f f e c t  t h e  ease o f  f u e l  t r a n s -  
p o r t  to t h e  back s i d e  of t h e  pa l lad ium anode. Both s ides  of t he  

* Gould N a t i o n a l  Ba t t e r i e s ,  I n c . ,  S t .  Paul ,  Minnesota .  
** Lange's Handbook of C h e m i s t r y ;  C a l c u l a t e d  from da ta  l i s t e d  a t  

15°C u s i n g  a 3 per  degree tempera ture  c o r r e c t i o n .  
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Table 7 
HYDRAZINE - HYAOGEN PEROXIDE FULL CELL PERFOWANCE 

Fuel : 8% Qdraz ine  Hydrate 
Anode : Palladium Membrane 
Cathode : PTVDE, 50 mg Pt/cm2 

Temperature: 35°C - 50°C 
Electrolyte: 5M KOH 
Oxidant : 3* H202 

Current Density 

rna/cma 

0 

2 

4 

8 

12 

20 

30 
40 

100(max current  ) 

Cell I Cell I1 
R e s  1st ance R e s 1  s t ance 

V T  V m  I R  drop ohms-cm2 V b  I R  drop ohms-cm2 

0.99 --- ------- ---- 1.00 --_- -_--- _-- 
0.93 0.91 0.02 0.975 0.96 0.015 7.5 
0.92 0.91 0.01 0.96 0.945 0.015 3.7’5 
0.89 0.865 0.025 3.1 0.92 0.89 0.030 3.75 

0.88 0.85 0.03 2.5 0.915 0.89 0.025 2.1 

0.85 0.81 0.04 2.0 0.875 0.845 0.03 1.5 

0.73 0.67 0.06 2.0 No longer using KM :::q external  r e s i s t o r .  

0.15 

Bridge, but loading 

I 
vk-m I S  IR free voltage measured on Kordesch-Marko bridge. I VIR is voltage, including IR component, measured d i r e c t l y .  
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p a l l a d i u m  f o i l  I :re c a t a l y z e d  i t h  rhodium by e l e c t r o p l a t i n g  from 
a 1$ rhodium c h l o r i d e  (RhClS)  s o l u t i o n ,  a d j u s t e d  t o  pH 1 by adding  
h y d r o c h l o r i c  ac id .  A b l a c k  c o a t i n g  of  rhodium was d e p o s i t e d  on t h e  
3 i n c h  by 3 i n c h  f o i l  by p a s s i n g  a c u r r e n t  of  200 t o  500 m a  between 
a 1 cm2 p l a t inum anode and t h e  s u r f a c e  o f  t h e  pa l l ad ium f o i l .  
anode was moved manual ly  t o  d i f f e r e n t  p o s i t i o n s  c l o s e  t o  t he  f o i l  
u n t i l  t he  s u r f a c e  was comple te ly  darkened.  After p l a t i n g ,  t h e  p a l -  
ladium was heat t rea ted  a t  700°C f o r  l hour .  
was r e a c t i v a t e d  a f t e r  u s e  by hea t  t r e a t i n g  a t  700°C f o r  2 t o  4 hours .  

The 

The pa l l ad ium f o i l  

The ca thode  was made from the same n i c k e l  p l aque ,  c a t a l y z e d  w i t h  
e i t h e r  p l a t i n u m  o r  plat inum-pal ladium. Both metals were spontane-  
o u s l y  chemipla ted  on the  porous  n i c k e l  s u r f a c e  from d i l u t e  c h l o r i d e  
s a l t  s o l u t i o n s .  A p r e c i o u s  me ta l  l o a d i n g  o f  25 mg/sq i n .  was used .  

The e l e c t r o l y t e ,  5 M  po tass ium hydroxide,  s a t u r a t e d  a 0.030-inch 
t h i c k  a s b e s t o s  m a t  which a l s o  served  t o  e l e c t r i c a l l y  i n s u l a t e  t he  
anode from the  ca thode .  The o u t s i d e  edges of  t he  a s b e s t o s  mat were 
sealed w i t h  a 100°C m e l t i n g  p o i n t  wax. The back of one end p l a t e  
was d r i l l e d  and f i t t e d  w i t h  Tef lon t u b i n g  s t u f f e d  w i t h  h i g h l y  com- 
p r e s s e d  a s b e s t o s  as a Luggin c a p i l l a r y  between t h e  back s ide  of the 
porous  e l e c t r o d e  and a r e f e r e n c e  e l e c t r o d e  o u t s i d e  of  t he  f u e l  c e l l .  
T h i s  r e f e r e n c e  e l e c t r o d e  was used t o  determine which e l e c t r o d e  was 
p o l a r i z e d  a f t e r  v o l t a g e  f a i l u r e  d u r i n g  d i s c h a r g e .  

R e s u l t s  o f  i n i t i a l  expe r imen t s  with the pa l l ad ium membrane f u e l  c e l l  
u s i n g  oxygen as t h e  o x i d i z e r  and hydrogen o r  hydraz ine  as the  f u e l  
are g i v e n  i n  Table  8. The b e s t  power o u t p u t  f o r  t h e  c e l l  was 2 .1  
wa t t s  o r  37 mw/cm2 a t  90°C w i t h  oxygen and hydraz ine .  A t  the  end of 
the  t e s t ,  h a l f T c e l l  measurements showed t h a t  t h e  ca thode  o n l y  was 
a p p r e c i a b l y  p o l a r i z e d .  

An a l t e r n a t e  method of  p r e p a r i n g  t h e  pa l l ad ium membrane c o n s i s t e d  of  
f i r s t  heat t r e a t i n g  t h e  f o i l  and  then e l e c t r o p l a t i n g  w i t h  rhodium. 
Pa l lad ium membranes p r e p a r e d  i n  t h i s  manner were no t  as good anodes 
as t h o s e  made by first p l a t i n g  and t h e n  heat t r e a t i n g .  

Hydrogen p e r o x i d e  cou ld  be used as an  o x i d a n t  f o r  o n l y  s h o r t  p e r i o d s  
because of  t he  r a p i d  e v o l u t i o n  o f  oxygen when heated i n  c o n t a c t  w i t h  
t he  c a t a l y z e d  e l e c t r o d e s .  
drawn a t  0.40 v o l t s .  Hydrogen pe rox ide  t h u s  o f f e r s  a good p o s s i b i l -  
i t y  as an o x i d a n t  i f  spontaneous oxygen release can be c o n t r o l l e d .  

F o r  a f i v e  minute  p e r i o d ,  105 ma/cm2 was 
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Table 8 
OXYGEN AND W D F O 3 E N  (OR HYDRAZINE) FULL CELL* 

Electrolyte - 5M KOH 
C e l l  

Current Voltage Voltage 
IR-free IR-included R 
vol t s  vo l t s  O W - c n p  

t t '  0 -- 1.02 -- 
1 0.965 0.965 W 

W 1.7 0.965 0.945 
3.4 0.92 0.91 2.9 

6.8 0.865 0.84 3.9 

12.1 0.78 0.74 3.3 
16.6 0.62 0.55 4.2 

W 

n 

n 

W 

W 16.6 0.65 0.60 3.0 

n 16.6 0.78 0.76 1.2 

n 36.2 -- 0.45 

Cumulative 
Time 

h r  Notes 

0 

0.25 

0.50 

0.75 Pop = 10 psig 
PHn 10 PSig 

1.0 Purging H2 
increased 
output 

2.0 

2.5 Slaw Eg 

3.0 

Purge 

80 loqS 16.6 -- 0.78 5.0 
N2lt Ha0 

W 90 55 -- 0.60 6.0 

90 tt 43 -- 0.50 8.0 Purging H2 

90 52 -- 0.60 9.5 

30 1- 0 -- 0.99 

30 16.8 0.50 0.B 6.9 10.5 

W 

N2lt.H20 
n 

90 11 57 .- 0.65 .- 13.0 Cathode** 
Limiting Cell 

*e Pd-Ag membrane 3 x 3 x 0.001 inches 
Rh plated and heat t rea ted  a t  600% 

Cathode Ni plaque (Qould) 3 x 3 x 0.030 inches 

Separator Iron-Free Asbestos 0.030 inch thick 

Cathode potentialwas 0.71 vs HE at same pH and temperature 

Pt  deposited (25 mg/aq. i n . )  

**Anode potentialrrrs O.@ vs HE at  same pH and Temperature 
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E. PROGRAM FOR THE SECOND QUARTER 

1. I n v e s t i g a t e  t he  c o n s t r u c t i o n  v a r i a b l e s  f o r  porous Te f lon  
e l e c t r o d e s  f o r  u s e  as cathodes f o r  HNO3 and N2n4 r e d u c t i o n .  

f o r  HNO3 and N2O4 r educ t ion .  
2. Study the c a t a l y t i c  e f f ec t  o f  d i f f e r e n t  carbons  and g raph i t e s  

3 .  C m s t r u c t  and demonst ra te  compLete f u e l  c e l l s  us ing  s t o r a b l e  
p r o p e l l a n t s  as f u e l s  and oxidant .  

d 
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V. ANHYDROUS hYDROGEN FLUORIDE SYSTEMS 

A. SOLID PALLADIUM-HYDRAZINE DIFFUSIOK ELECTRODE 

The u s e  of s o l i d  pa l l ad ium f o r  p u r i f i c a t i o n  of hydrogen and as a 
hydrogen d i f f u s i o n  anode i s  we l l  known (refs.  1, 2,  3 ,  4,  5, 6 ) .  
P r e v i o u s  work a t  t h i s  Labora tory  has shown t h a t  aqueous hydraz ine  
can be used  t o  charge  a pa l lad ium membrane w i t h  hydrogen, and the  
hydrogen can be burned a n o d i c a l l y  on the o p p o s i t e  s ide  o f  t h e  
membrane a f te r  d i f f u s i o n  through t h e  f o i l .  T h i s  scheme i s  
a t t r a c t i v e  f o r  the anhydrous hydrogen f l u o r i d e  system, s ince  t h e  
h y d r a z i n e  r e d u c t a n t  w i l l  be  r e s t r i c t e d  from the  e l e c t r o l y t e  
compartment and cannot  come i n t o  c o n t a c t  w i t h  p o t e n t  o x i d i z e r s  
such  as c h l o r i n e  t r i f l u o r i d e .  

Also,  t h e  hydraz ine  may be used e i t h e r  i n  the  anhydrous form 
o r  i n  aqueous s o l u t i o n ,  s ince  wa te r  cannot  pass th rough  t h e  
p a l l a d i u m  membrane t o  contaminate  the  anhydrous e l e c t r o l y t e .  

A d i s k  sf 0.001-inch t h i c k  pal ladium*,  1 i n c h  i n  diameter, was 
p l a t e d  a t  14 m a  f o r  2 minu tes  f o r  each side i n  a "Rhodex" 
p r o p r i e t a r y  rhodium p l a t i n g  s o l u t i o n .  

The r h o d i n i z e d  pa l l ad ium was mounted i n  a T e f l o n  h o l d e r  (F igu re  14) 
which exposed a d i sk  0.5 inch  i n  diameter (1 .27  em2). A lead-lead 
f l u m i d e  r e f e r e n c e  e l e c t r o d e  was p l a c e d  a d j a c e n t  t o  the e l e c t r o d e  
h o l d e r  i n  one side of  a Tef lon  "H" c e l l ,  and a lead c o u n t e r  
e l e c t r o d e  was mounted i n  t h e  o p p o i s t e  s i d e  of the  "H" c e l l .  The 
T e f l o n  e l e c t r o d e  h o l d e r  was f i l l e d  w i t h  a s o l u t i o n  of 5 M  
hydraz ine  i n  5M potass ium hydroxide and the  "H" c e l l  f i l l e d  w i t h  
mol ten  KF-3HF. The "H" c e l l  was immersed i n  a f l u i d i z e d  sand  
t h e r m o s t a t  f o r  t e m p e r a t u r e  c o n t r o l  a t  85°C. The o p e n - c i r c u i t  
p o t e n t i a l  of t h e  pa l l ad ium membrane was measured, ,and the  e l e c t r a d e  
vJas a n o d i c a l l y  p o l a r i z e d  a t  s u c s e s s i v e l y  i n c r e a s i n g  c u r r e n t s  u n t i l  
d r a s t i c  p o t e n t i a l  f a i l u r e  occurred .  P o t e n t i a l s  a g a i n s t  t he  lead- 
lead f l u o r i d e  r e f e r e n c e  were measured a t  the  end  of e a c h  2-minute 
p o l a r i z a t i o n  p e r i o d  w i t h  b o t h  an e l e c t r o m e t e r  and a Kordesch-Marko 
b r i d g e .  The l a t t e r  i n s t r u m e n t  measured p o l a r i z e d  e l e c t r o d e  
p o t e n t i a l s  w i thou t  I R  d rop .  
The -open-c i r cu i t  p o t e n t i a l  was 0.05 v o l t  mare p o s i t i v e  t h a n  t h a t  

R e s u l t s  are t a b u l a t e d  i n  Table 9 .  

*Englehard  I n d u s t r i e s  I n c . ,  Newark, N .  J . ,  75% Pd, 25% Ag 
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Table 9 

ANODIC POLARIZATION OF PALLADIUM-HYDRAZINE 
ELECTRODE I N  KF*3HF AT 85"c 

F u e l  - 5 M  N2H4 i n  5 M  KOH 

C u r r e n t  
D e n s i t y  
ma/cm2 

0 

0.8 

1.6 

3.9 

8.0 

16 

39 

P o t e n t i a l  vs  Hydrogen E l e c t r o d e  
After 2 M i n u t e s  P o l a r i z a t i o n , v o l t s *  

0.05 

0.08 

0.08 

0.10 

0.13 

0.14 

0.34 

*IR- f  ree 
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of t h e  hydrogen e l e c t r o d e  i n  the  same e l e c t r o l y t e .  The e l e c t r o d e  
w i t h s t o o d  a c u r r e n t  d e n s i t y  of  39 ma/cm2 b e f o r e  s e v e r e  
p o l a r i z a t i o n  occur red .  Th i s  experiment  demonst ra ted  t h a t  t h e  
pa l lad ium-hydraz ine  e l e c t r o d e  can be used  i n  anhydrous hydrogen 
f l u o r i d e  systems.  To avoid  anodic  a t t a c k  of the pa l lad ium,  t h e  
p o t e n t i a l  must be ma in ta ined  a t  a p o t e n t i a l  l e s s  t h a n  0.5 v o l t  
p o s i t i v e  t o  t h e  lead e l e c t r o d e  (see nex t  s e c t i o n - ) .  The normal 
p o t e n t i a l  of the e l e c t r o d e  i n  c o n t a c t  w i t h  hydraz ine  i s  i n  a s u i t a b l e  
r e g i o n  t o  avoid  ahbdic  a t t a c k .  F u r t h e r  work w i l l  be done t o  
improve the c u r r e n t - c a r r y i n g  c h a r a c t e r i s t i c s  of the  pal ladium- 
hydraz ine  anode. 

B. POROUS NICKEL-HYDROGEN ELECTRODE 

A c i r c u l a r  p i e c e  of porous n i c k e l  plaque*, 1 i n c h  i n  d i ame te r  by 
0.025 i n c h  t h i c k ,  was t r e a t e d  with 25 mg of p l a t inum p e r  s q u a r e  i n c h  
by spontaneous  d e p o s i t i o n  from a d i l u t e  s o l u t i o n  of c h l o r o p l a t i n i c  
a c i d .  The c a t a l y z e d  d i s k  was mounted i n  a Te f lon  h o l d e r  which 
exposed 1.27 cm2 o f  t h e  e l e c t r o d e  s u r f a c e ,  as shown i n  F i g u r e  14. 
The back s ide  of  t h e  membrane was pur$ed w i t h  hydrogen gas  and 
the  assembly immersed i n  KF-3HF a t  85 C .  A l e a d - l e a d  f l u o r i d e  
r e f e r e n c e  e l e c t r o d e  was p laced  a d j a c e n t  t o  t h e  e l e c t r o d e  h o l d e r  
i n  one s ide  of t he  Te f lon  "H" c e l l ,  and a lead c o u n t e r  e l e c t r o d e  
was p l a c e d  i n  the o p p o s i t e  s i d e  o f  t he  c e l l .  
assembly was purged w i t h  n i t r o g e n  gas .  
p o l a r i z e d  as p r e v i o u s l y  desc r ibed  f o r  the  pa l l ad ium membrane. 

The porous n icke l -hydrogen  anode wi ths tood  a c u r r e n t  d e n s i t y  of 39 
m a / c m 2  b e f o r e  s e v e r e l y  p o l a r i z i n g  (see Table  l o ) .  The anod ic  p o l a r -  
i z a t i o n  a t  t h i s  l o a d i n g  was more f a v o r a b l e  t han  tha t  of t h e  pa l l ad ium 
membrane a t  t he  same c u r r e n t  d e n s i t y  (Table 9). F u t u r e  work w i l l  
be d i r e c t e d  toward improvement o f  t h e  c u r r e n t - c a r r y i n g  a b i l i t y  o f  
t h i s  e l e c t r o d e  system. 

The f ree  space  i n  t he  
The e l e c t r o d e  was a n o d i c a l l y  

C .  REFERENCE EUCTRODES I N  KF*3HF 

Reference  e l e c t r o d e s  are  r e q u i r e d  f o r  b o t h  h a l f - c e l l  and f u l l - c e l l  
s t u d i e s  i n  AKF s o l u t i o n s .  Anodic and c a t h o d i c  p o l a r i z a t i o n  cu rves  
for f u e l s  or o x i d a n t s  i n  AHF must be measured a g a i n s t  a r e f e r e n c e  
e l e c t r o d e  t h a t  i s  compat ib le  wi th  the  s o l v e n t  and e l e c t r o f y t e .  
Aqueous r e f e r e n c e  e l e c t r o d e s ,  such as the calomel  e l e c t r o d e ,  are n o t  
s a t i s f a c t o r y  f o r  u s e  w i t h  anhydrous systems because  of  contaminat ion  
d i f f i c u l t i e s  and because of the unknown l i q u i d  j u n c t i o n  ( ref .  15). 
The ideal r e f e r e n c e  e l e c t r o d e  has  a r e p r o d u c i b l e  p o t e n t i a l ,  i s  n o t  
r e a d i l y  p o l a r i z e d ,  r e t u r n s  q u i c k l y  t o  i t s  o r i g i n a l  o p e n - c i r c u i t  
p o t e n t i a l  a f te r  p o l a r i z a t i o n , a n d  does no t  contaminate  t he  working 
e l e c t r o d e  o r  i t s  e l e c t r o l y t e .  

.y 
Gould N a t i o n a l  Bat ter ies ,  I n c  ., S t .  
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T a b l e  10 

ANODIC POLARIZATION OF HYDROGEN-POROUS NICKEL 
ELECTRODE I N  KF*3HF AT 85°C 

C u r r e n t  
Densi ty  
ma/cmn 

0 

0.8 

1.6 

3.9 

8.0 

16 

39 

P o t e n t i a l  vs  Hydrogen E l e c t r o d e  
After 2 Minutes P o l a r i z a t i o n ,  v o l t s *  

0.00 

0.00 

0.00 

0.01 

0.03 

0.08 

0.20 

* I R - f  ree 
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The s i l v e r  f l u o r i d e ,  copper  f l u o r i d e ,  and lead f l u o r i d e  e l e c t r o d e s  
have been sugges t ed  as r e f e r e n c e  e l e c t r o d e s  i n  AHF s o l u t i o n s  by 
Koerber  and D e V r i e s  ( r e f .  1 6 ) .  
e l e c t r o d e  ( p l a t i n i z e d  pa l l ad ium)  were tes ted  i n  K F e 3 H F  s o l u t i o n  a t  
85"c by anod ic  p o l a r i z a t i o n  a t  c u r r e n t  d e n s i t i e s  as h i g h  as 100 
m a / c m 2 .  
g iven i n  t h e  Appendix. 

These e l e c t r o d e s  and t h e  hydrogen 

D e t a i l s  of t h e  method of p r e p a r i n g  these e l e c t r o d e s  are 

The anod ic  p o l a r i z a t i o n  of hydrogen, lead, s i l v e r ,  and coppe r  
e l e c t r o d e s  i n  KF-3HF a t  85"c i s  shown i n  F i g u r e  15. 
hydrogen, and lead e l e c t r o d e s  wi ths tood  anod ic  c u r r e n t s  up t o  
100 ma/cm2 w i t h  l i t t l e  p o l a r i z a t i o n ,  while  the  copper  e l e c t r o d e  
was p o l a r i z e d  0.3 v o l t  a t  t h i s  c u r r e n t  d e n s i t y .  The p o t e n t i a l  
o f  t h e  lead e l e c t r o d e  i s  about  0.3 v more n e g a t i v e  t h a n  t h e  
hydrogen e l e c t r o d e .  

The s i l v e r ,  

Although r e d u c t i o n  t o  hydrogen would be expec ted  a t  t h i s  p o t e n t i a l ,  
none was observed .  
hydrogen r e d u c t i o n  i n  KF*3HF s o l u t i o n s .  The ve ry  a c t i v e  p o t e n t i a l  
of  lead makes i t  a b e t t e r  ke fe rence  c a n d i d a t e  t h a n  the  less a c t i v e  
metals, s i n c e  traces of  lead i o n  would n o t  be reduced  a t  s u r f a c e s  
w i t h  a more p o s i t i v e  p o t e n t i a l  and t h u s  contaminate  t he  t es t  e l e c t r o d e s .  

Apparent ly  lead has a h i g h  o v e r v o l t a g e  f o r  

D. POTENTIOSTATIC ANODIC POLARIZATION MEASUREMENTS 

P o t e n t i o s t a t i c  anod ic  p o l a r i z a t i o n  measurements have been shown t o  
be a s u c c e s s f u l  method f o r  e v a l u a t i n g  metal c o r r o s i o n  ( re fs .  8, 17) .  
The degree of anod ic  p r o t e c t i o n  p r e s e n t  as a metal i s  s u b j e c t e d  t o  
g r a d u a l l y  i n c r e a s i n g  anod ic  p o t e n t i a l s  i s  r e a d i l y  a p p a r e n t  by 
measuren the  anod ic  c u r r e n t  accompanying c o n t r o l l e d  p o l a r i z a t i o n  
( re fs .  1 8 , 19). 
1. M e t h D d  

S o l i d  metal  specimens were p repa red  f o r  anod ic  p o l a r i z a t i o n  
measurements by p o l i s h i n g  w i t h  00 emery paper  and washing i n  T r i c l e n e ,  
water, and a c e t o n e .  The t o t a l  geomet r i c  s u r f a c e  area exposed t o  
e l e c t r o d e  was measured. The specimens were mounted i n  one s i d e  of  
a T e f l o n  "H" c e l l  w i t h  a l ead - l ead  f l u o r i d e  r e f e r e n c e  e l e c t r o d e  
c l o s e  t o  t h e  metal s u r f a c e .  A lead c o u n t e r  e l e c t r o d e  was p l a c e d  i n  
t he  o p p o s i t e  side o f  the "H" c e l l .  The c e l l  was f i l l e d  wi th  mol ten  
KF*3HF, and t h e  vo id  space  was purged w i Z h  d r y  n i t r o g e n  g a s .  
assembly was p l a c e d  i n  a f l u i d i z e d  sand bath t h e r m o s t a t  ma in ta ined  
a t  85°C. P o l a r i z a t i o n  measurements were made w i t h  a p o t e n t i o s t a t .  
After t h e  o p e n - c i r c u i t  p o t e n t i a l  was measured, w i th  r e f e r e n c e  t o  a 
lead r e f e r e n c e  e l e c t r o d e ,  t h e  p o t e n t i a l  was f i x e d  a t  s u c c e s s i v e  
i n t e r v a l s  of 0.04 v o l t  more p o s i t i v e  t h a n  t h e  o p e n - c i r c u i t  p o t e n t i a l  
and t h e  c u r r e n t  r eco rded  af ter  one mdnute ls  p o l a r i z a t i o n  a t  each 
p o t e n t i a l .  

The 

These measurements were con t inued  t o  a p o t e n t i a l  1.8 v o l t s  
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more p o s i t i v e  t h a n  t h e  lead r e f e r e n c e ,  and t h e  p o t e n t i a l  was 
a d j u s t e d  i n  0.04 v o l t  n e g a t i v e  i n t e r v a l s  u n t i l  the c u r r e n t  changed 
from a n o d i c  t o  c a t h o d i c .  The p o l a r i z a t i o n  p a t t e r n  i s  shown i n  
F i g u r e  16 f o r  s b l i d  n i c k e l .  The c u r r e n t  i n c r e a s e s  s t e a d i l y  as the  
p o t e n t i a l  becomes more p o s i t i v e  up t o  a p o t e n t i a l  0.65 v o l t  more 
p o s i t i v e  t h a n  t h e  r e f e r e n c e  e l e c t r o d e ,  a f t e r  which the c u r r e n t  
r e v e r s e d  and was r e l a t i v e l y  c o n s t a n t  a t  15-25 p a  a t  p o t e n t i a l s  more 
p o s i t i v e  t h a n  0.8 v o l t .  After r e v e r s i n g  t h e  p o l a r i z a t i o n  d i r e c t i o n ,  
a c o n s t a n t  c u r r e n t  r e g i o n  at 8-15 p a  occur red  a t  p o t e n t i a l s  more 
p o s i t i v e  t h a n  0.8 v o l t ,  and a small c u r r e n t  peak was reco rded  
a t  0.7 v o l t ,  a f ter  which the  c u r r e n t  f e l l  t o  z e r o  a n d  became 
c a t h o d i c .  The pronounced peaks and r e g i o n s  of  small c o n s t a n t  
a n 5 d i c  c u r r e n t s  are ev idences  of the f o r m a t i o n  of p r o t e c t i v e  
anode f l u o r i d e  f i l m s  on the  n i c k e l  s u r f a c e .  Nickel  i s  known t o  
be a g m d  c o n s t r u c t i o n  mater ia l  f o r  f l u o r i d e  and hydrogen because  
o f  i t s  tendency  to form tough p r o t e c t i v e  anode f i l m s .  

A specimen of porous n i c k e l  plaque was t e s t ed  f o r  c o r r o s i o n  i n  the 
KF-3HF m e l t  by the  same p m c e d u r e  as j u s t  descr ibed  f o r  s o l i d  n i c k e l  
(see 'F igure  17 ) .  The anodic  c u r r e n t s  were many t imes h i g h e r  f o r  a 
g iven  g e o m e t r i c a l  s u r f a c e  a rea ' than  f o r  t h e  s o l i d  n i c k e l  specimen 
because  o f  the much g r e a t e r  s u r f a c e  area of  t h e  s i n t e r e d  n i c k e l  
and p o s s i b l y  a g r e a t e r  s p e c i f i c  r e a c t i v i t y  of  the s i n t e r e d  metal .  
After t h e  i n i t i a l  c u r r e n t  peak a t  0.7 v o l t  t o  the r e f e r e n c e  
e l e c t r o d e ,  the  c u r r e n t  decreased  b u t  n o t  t o  t h e  t r i v i a l  v a l u e s  f o r  
t h e  s o l i d  specimen as shown by F i g u r e  16. The large anodic  cu r ren t s  
above 0.8 v o l t  i n d i c a t e d  a p p r e c i a b l e  a t t ack  i n s t e a d  of p a s s i v a t i o n .  
A d d i t i o n a l  t es t s  w i t h  s lower  sweeping p e r i o d s  and l o n g e r  p o t e n t i a l  
spans  w i l l  be r e q u i r e d  t o  f u r t h e r  c h a r a c t e r i z e  t h e  n i c k e l  p laque  f o r  
u s e  i n  the KF'o3HF m e l t .  

The anodic  p o l a r i z a t i o n  of copper (F igu re  18) r e s u l t e d  i n  much 
g r e a t e r  anodic  c u r r e n t s  t h a n  those  i n c u r r e d  d u r i n g  s o l i d  n i c k e l  
p o l a r i z a t i o n  (Fzgure 16). A maxirum i n  t h e  c u r r e n t - p o t e n t i a l  
curve  o c c u r r e d  a t  0.8 v o l t  p o s i t i v e  t o  t h e  lead-lead f l u o r i d e  
r e f e r e n c e ,  b u t  the c u r r e n t  dec reased  o n l y  s l i g h Z l y  a t  more p o s i t i v e  
p o t e n t i a l s  that  0.8 v s l t .  Copper c o r r o d e s  much more r a p i d l y  t h a n  
n i c k e l  i n  t he  KF*3HF m e l t  a t  85°C and does  n o t  become r e a d i l y  
p a s s i v a t e d  a t  h i g h  anod ic  p o t e n t i a l s .  Long-term tes ts  would be 
r e q u i r e d  t o  more comple te ly  e v a l u a t e  copper  c o r r o s i o n .  

Anodic p o l a r i z a t i o n  of pa l lad ium (F igure  19) i n d i c a t e d  t ha t  t h i s  
metal i s  s lowly  a n o d i c a l l y  cor roded  i n  t he  KF03HF m e l t  a t  85°C. 
Unl ike  n i c k e l  and copper ,  pa l lad ium d i d  no t  show a maximum i n  t he  
c u r r e n t - p o t e n t i a l  r e l a t i o n .  
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A s  c o n t r a s t e d  t o  t h e  behav io r  of s o l i d  n i c k e l ,  t he  anodic  c u r r e n t  
of p a l l a d i u m  f i r s t  i n c r e a s e d  as t h e  p o t e n t i a l  became more p o s i t i v e  

t h e n  was almost  c o n s t a n t  a t  about  70 pa/cm2 a t  p o t e n t i a l s  from 
t o  1.7 v t o  t he  l e a d - l e a d  f l u o r i d e  e l e c t r o d e .  

Conclus ions  Regarding Metal Corros ion  i n  K F  3HF a t  85"c 

S o l i d  n i c k e l  does  n o t  d i s s o l v e  a n o d i c a l l y  i n  KF 3HF a t  85"c 
a t  p o t e n t i a l s  more n e g a t i v e  t h a n  0.3 v t o  t h e  l e a d - l e a d  f l u o r -  
i de  e l e c t r o d e .  S o l i d  n i c k e l  i s  a n o d i c a l l y  p r o t e c t e d  a t  poten-  
t i a l s  of 0.9 t o  1.6 v a t  a c o r r o s i o n  r a t e  of  about  63 m i l l i -  
grams o f  n i c k e l  p e r  s u a r e  d e c i m e t e r  p e r  day (mdd) or 0.010 i n .  
p e n e t r a t i o n  p e r  y e a r  q i p y ) .  S o l i d  n i c k e l  i s  a p o t e n t i a l  c a t h -  
ode mater ia l  f o r  u s e  w i t h  c h l o r i n e  t r i f l u o r i d e .  

Highly porous  n i c k e l  p laque  i s  n o t  a n o d i c a l l y  o x i d i z e d  a t  po- 
t e n t i a l s  more n e g a t i v e  than 0.25 v b u t  i s  r a p i d l y  cor roded  a t  
p o t e n t i a l s  from 0.3 t o  1 .6  v.  The g r e a t  d i f f e r e n c e  between 
n i c k e l  p l a q u e  and s o l i d  n i c k e l  i s  t h e  enormous t r u e  s u r f a c e  
a r e a  of t h e  former  compared w i t h  the  g e o m e t r i c a l  s u r f a c e  area 
on which c u r r e n t  d e n s i t i e s  were based .  The e x a c t  composi t ion 
of t h e  n i c k e l  p l a q u e  may a l s o  be d i f f e r e n t  from t h a t  o f  t h e  
s o l i d  n i c k e l .  
ode material  f o r  u se  w i t h  c h l o r i n e  t r i f l u o r i d e .  

N icke l  plaque would n o t  be a s a t i s f a c t o r y  c a t h -  

S o l i d  copper  i s  n o t  a n o d i c a l l y  a t t a c k e d  a t  p o t e n t i a l s  more neg- 
a t i v e  t h a n  0 . 5  v ,  b u t  t h e  metal c o r r o d e s  s e v e r e l y  a t  p o t e n t i a l s  
more nob le  t h a n  0 .63  v.  This metal would n o t  make s a t i s f a c t o r y  
ca thodes  f o r  u s e  w i t h  c h l o r i n e  t r i f l u o r i d e  b u t  might  be used  t o  
c o n t a i n  t h e  KF 3HF m e l t  i n  t h e  absence of  c h l o r i n e  t r i f l u o r i d e  
i f  t races  of copper  can be t o l e r a t e d .  

Assuming t h a t  pa l l ad ium d i s s o l v e s  as Pd*, t h e  anodic  c u r r e n t  
p l a t e a u  f o r  pa l l ad ium a t  about 70 pa/cm2 co r re sponds  t o  a co r -  
r o s i o n  r a t e  of  334 mdd or 0.040 i p y .  Th i s  r a t h e r  h i g h  c o r r o -  
s i o n  r a t e  would cause  f a i l u r e  o f  t h i n  pa l l ad ium membranes. The 
p o t e n t i a l  of  such  anodes should be k e p t  more n e g a t i v e  t h a n  
0.7 v t o  p r e v e n t  r a p i d  d i s s o l u t i o n .  For example, a t  0.7 v, a 
d i s s o l u t i o n  c u r r e n t  o f  11 pa/cm2 co r re sponds  t o  a c o r r o s i o n  
r a t e  o f  53 mdd or 0.006 ipy.  

PROGRAM FOR THE SECOND QUARTER 

Improve N2H4 and C1F3 e l e c t r o d e s ,  b o t h  i n  KF 3HF a t  85"c and 
i n  HF a t  O°C, by a d a p t i n g  flow-through and pa l l ad ium d i f f u s i o n  
sys tems t h a t  are  compat ib le  w i t h  t h e  hydrogen f l u o r i d e  sys tems.  

S e l e c t  materials of c o n s t r u c t i o n  f o r  u s e  as e l e c t r o d e s  and ca ta -  
l y s t s  t h a t  are compat ib le  with HF and ClF3. 

E v a l u a t e  t h e  e f f i c i e n c y  o f  e l e c t r o d e  p r o c e s s e s  i n  anhydrous HF 
sys tems.  
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V I  I. APPENDIX 

A.  CALCULATION OF REVERSIBLE HYDROGEN POTENTIALS I N  KOH SOLUTIONS 

The r e v e r s i b l e  hydrogen p o t e n t i a l  f o r  a hydrogen e l e c t r o d e  i n  c o n t a c t  
w i t h  i t s  i o n s :  

o r  t h e  e q u i v a l e n t  r e a c t i o n  i n  base :  

He + 2 OH‘ = 2H20 + 2,’ 

v e r s u s  t h e  s t a n d a r d  hydrogen p o t e n t i a l  (which i s  d e f i n e d  as z e r o  
a t  a l l  t e m p e r a t u r e s )  can be c a l c u l a t e d  f o r  any t e m p e r a t u r e  and 
c o n c e n t r a t i o n  of b a s e  from the  i o n i z a t i o n  c o n s t a n t  of water, Q, 
t h e  c o n c e n t r a t i o n  of  base, and t h e  a c t i v i t y  c o e f f i c i e n t  of  t h e  
b a s e  by the  r e l a t i o n :  

E = E O  - R T / ~  In aH+ 

RT = Eo - 2.303 - 
nF ( l o g  Kw - log  aOH-)  kef. A - 1  ) 

The i o n i z a t i o n  c o n s t a n t  of  water is  g i v e n  as a f u n c t i o n  of  t h e  
a b s o l u t e  t e m p e r a t u r e ,  T, by Harned ( r e f .  A-2). 

Log KW = -‘+470.99/T + 6.0875 - 0.017060 T 

A c i t i v i t y  c o e f f i c i e n t s  of  po ta s s ium hydroxide  s o l u t i o n s  from Harned 
( r e f .  A-2) are p l o t t e d  i n  F i g u r e  A - 1 .  

F o r  example,  when MKOH = 5, mKOH = 5.33. 

Kw and AOH’ a t  25OC are g i v e n  i n  Table  A - 1 ,  and t h e  hydrogen p o t e n t i a l  
v e r s u s  t h e  s t a n d a r d  hydrogen e l e c t r o d e  becomes: 

0 E = 0 - 2.303 x 1.99 x 298.2 
23 , 060 

(-14.00 - 1.013) = 0.886 

The above p o t e n t i a l  i s  p o s i t i v e  a c c o r d i n g  t o  t h e  E l e c t r o c h e m i c a l  
S o c i e t y  conven t ion .  
of t h e  p o t e n t i a l  i s  changed t o  minus.  

Changing t o  e x p e r i m e n t a l  p o t e n t i a l s ,  t h e  s i g n  

C a l c u l a t i o n s  of  hydrogen p o t e n t i a l s  v e r s u s  t h e  s a t u r a t e d  ca lomel  
e l e c t r o d e  i n  5M KOH a t  t h e  t e m p e r a t u r e s  of t h e  e x p e r i m e n t a l  c e l l s  
are g i v e n  i n  Table  A - 1 .  
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Concentration and Temperature. 
(ref. A-2)  (Curve for 90°C ext rapola ted)  
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T a b l e  A-1 

CALCULATED DATA FOR HYDROGEN ELECTRODE POTENTIAL VS. 
SCE I N  5 M  KOH AT 25OC, 60°c, AND 90°C 

Temp. 
O C  1% Kw 

25 -14.00 

60 -13.02 

90 -12.43 

Temp. 
OC 

25 10.30 

60 8.53 

90 6.56 

RT/F 

0.0592 

0.0662 

0.0772 

log  ao" 

1.013 

0.930 

0.817 

*Without l i q u i d  j u n c t i o n  p o t e n t i a l  

% 
V o l t s  

-0.828' 

-0.861 

-0.900 

EHe 
Volts 

-0.886 

-0.925 

-0.958 

yOH' 

1.90 

1.58 

1.23 

SCE 
V o l t s  EHa v s  SCE* 

0.24 -1.13 

0.22 -1.14 

0.20 -1.16 
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B. REFERENCE EUCTRODE PREPARATION 

1. S i l v e r - S i l v e r  F l u o r i d e  Elec t rode  

A p i e c e  of pure s i l v e r  wire, 0.14 cm diameter by 10 cm long ,  was 
c l eaned  w i t h  f i n e  emery paper  (00) and anodized i n  KF03HF' a t  85°C 
a t  s u c c e s s i v e l y  h i g h e r  c u r r e n t  d e n s i t i e s  (1, 2, 5, 10 ma/cm2> u n t i l  
a p o l a r i z a t i o n  of 0.5 v from the  o r i g i n a l  open-c i r cu i t  p o t e n t i a l  
oocurred .  

2. Lead-Lead F l u o r i d e  E l e c t r o d e  

A s t r i p  of pure  lead 10 by 0.2 by 0.5 cm, was scraped  c l e a n  wi th  a 
k n i f e  and anodized i n  KF.3HF as i n  (1). 

3. Copper-Copper F l u o r i d e  

A s t r i p  of pure copper wire, 0.10 cm d iame te r  by 10 cm long, was 
c leaned  w i t h  f i n e  emery paper  and anodized i n  KF-3HF a s  i n  (1). 

4. Hydrogen-Palladium E lec t rode  

A p i e c e  of 0.003 t h i c k  pal ladium, 0.5 by 1 .0  c m ,  was s p o t  welded t o  
0.05 cm d iame te r  p la t inum l e a d  wire and coa ted  w i t h  plat inum b lack  
by c a t h o d i z i n g  i n  3% H2PtC16*6H20 f o r  two minutes  a t  20 ma/cm2 f o r  
each d i d d .  The e l e c t r o d e  was washed and d r i e d  i n  a i r  and ca thod ized  
i n  rn-31-1~ a t  3 ma/cm2 f o r  60 minutes.  
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V I I I .  CONTRACT FINANCIAL STATUS REPORT 

A. MANHOURS EXPENDED 

A p r i l  Manhours Expended 
C m u l a t  i v e  Manhours Expended 

Task  D e s c r i p t i o n  

2 

3 

812 
2454 

$ of T o t a l  
I C m u l a t  i v e )  
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P e r  Task 

1 Develop anode and ca thode  c o n f i g u r a t i o n s  
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4 

5 

6 
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d a t a ,  l i f e  expec tancy ,  s h e l f  Eife, 
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Opera t ion  of selected f u l l  c e l l s  on H 2 - 0 2  
and o t h e r  s p e c i f i e d  r e a c t a n t s  

s t u d i e s  33.5 
6.5 

7.6 

Design o f  op t imized  sys tems t o  NASA 
r e q u i r e m e n t s  

100.0 
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NEW TECHNOLOGY 

C o n t r a c t  N o .  NAS3-4175 

28 J a n u a r y  1964 t o  27 A p r i l  1964 

The r e p o r t a b l e  items c o n s i d e r e d  t o  have been developed  on t h i s  con- 
t r a c t  d u r i n g  t h i s  p e r i o d  are as f o l l o w s :  

1. Method of  improving the  f u e l  c e l l  per formance  c h a r a c t e r i s t i c s  
of  a p a l l a d i u m  membrane d i f f u s i o n  e l e c t r o d e  by a n n e a l i n g  a t  above 
790°C f o l l o w e d  by o x i d i z i n g  i n  a i r  a t  below 790°C. 
sidered p o s s i b l y  a p a t e n t a b l e  i n v e n t i o n .  

T h i s  i s  con- 

2. 
b r a n e  d i f f u s i o n  e l e c t r o d e  by p l a t i n g  w i t h  rhodium and o x i d i z i n g  
(by h e a t i n g  i n  a i r )  t o  p r o v i d e  rhodium ox ide  and p a l l a d i u m  ox ide  
a t  t he  s u r f a c e .  T h i s  i s  c o n s i d e r e d  an i n v e n t i o n ,  p o s s i b l y  as a 
species  o f  a broad  i n v e n t i o n  of  v a r y i n g  the  p r o p e r t i e s  of  pa l la -  
dium membrane d i f f u s i o n  e l e c t r o d e s  by i n t r o d u c t i o n  of  d i f f e r e n t  
v a l e n c y  c a t i o n s  i n t o  a s u r f a c e  PdO l a y e r  so  as t o  a l t e r  the r a t i o  
of e l e c t r o n  d e f i c i t s  t o  c a t i o n  v a c a n c i e s .  A p a t e n t  d i s c l o s u r e  i s  
i n  p r e p a r a t i o n .  

Method of  c a t a l y z i n g  t h e  e l e c t r o l y t e  side of  a p a l l a d i u m  mem-  

3. A s e l e c t i v e  c a t a l y s t  sys tem f o r  a h y d r a z i n e / n i t r i c  ac id  fuel 
c e l l ,  w i t h  P t - c a t a l y z e d  carbon as  t he  anode and carbon as t h e  cath- 
ode.  T h i s  i s  c o n s i d e r e d  p robab ly  u n p a t e n t a b l e ,  though n o v e l .  

4 .  E l e c t r o c h e m i c a l  sys t ems  u s i n g  ClF3 as o x i d i z e r ,  and metal (es- 
p e c i a l l y  Pb)  anodes w i t h  an HF e l e c t r o l y t e  such  as a KF*3HF m e l t .  
T h i s  i s  c o n s i d e r e d  p a t e n t a b l e ,  a s  a s p e c i f i c  embodiment of the ClF3 
f u e l  c e l l s  d i s c l o s e d  i n  t he  p r e v i o u s  f i n a l  r e p o r t  on C o n t r a c t  No. 

The above-descr ibed  developments  are d i s c l o s e d  i n  f u l l  d e t a i l  i n  
t h e  Q u a r t e r l y  Repor t  No. 1 on t h e  a b o v e - i d e n t i f i e d  c o n t r a c t ,  cov- 
e r i n g  t h e  p e r i o d  28 J a n u a r y  t o  27 A p r i l  1964. 

NAS3-2791. 
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